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ABSTRACT 


Oxides  of  nitrogen  (NOx  =  NO  +  NO2)  play  a  central  role  in  tropospheric  photochemistry. 
Natural  biogenic  emissions  of  NOx  from  soils  are  usually  considered  to  be  only  a  small  fraction  of 
the  anthropogenic  emissions,  but  the  source  strength  is  not  well  known.  Field  measurements  of 
NOx  were  made  in  two  seasons  (summer  and  winter)  in  an  agriculturally-managed  field  in  North 
Carolina.  The  NO  flux  estimates  were  used  to  produce  a  graphical  representation  of  the  spatial 
distribution  of  ozone  precursors  in  the  state,  and  to  assess  the  magnitude  of  these  biogenic  soil 
NO  emissions  as  a  percentage  of  the  total  NO  emissions  in  the  state. 

A  significant  negative  correlation  between  NO  flux  and  ambient  O3  concentration, 
supports  the  hypothesis  that  soil  emissions  of  NO  contribute  to  local  production  of  O3  in  rural 
areas.  The  winter  measurements  suggest  that  significant  fluxes  are  generated  during  fallow 
periods  when  the  plant  residue  is  mixed  back  into  the  soil,  a  common  agricultural  practice. 

Using  the  assumption  that  the  calculated  NO  fluxes  are  representative  of  those 
across  North  Carolina,  these  fluxes  were  used  to  develop  graphical  displays  of  the  spatial 
distribution  of  soil  NO  emissions  in  the  state,  with  a  county  spatial  resolution.  These  NO 
emission  estimates  were  compared  to  other  values  in  the  literature.  Estimates  of  the  soil  emission 
of  NO  as  a  percentage  of  total  (all  sources)  NO  emission  in  the  state  were  compared  to  the 
current  input  values  used  in  the  Regional  Oxidants  Model  (ROM).  The  values  calculated  from 
these  measurements  are  significantly  larger  than  those  currently  used  in  the  ROM. 


L 


Bibliography 


Anderson  I.  C.  and  Levine  J.  S.,  Simultaneous  field  measurements  of  biogenic  emissions  of  nitric 
oxide  and  nitrous  oxide.  J.  Geophys.  Res.,  92,  965-976,  1987. 

Anderson  I.C.,  Levine  J.S.,  Poth  M.A.  and  Riggan  P.J.,  Enhanced  biogenic  emissions  of  nitric 
oxide  and  nitrous  oxide  following  surface  biomass  burning.  J.  Geophys.  Res.,  93,  3893- 
3898,  1988. 

Aneja  V.P.,  Characterization  of  sources  of  biogenic  atmospheric  sulfur  compounds.  MS.  Thesis, 
North  Carolina  State  University,  Raleigh,  NC,  1975. 

Aneja  V.P.,  Overton  J.H.,  Cupitt  L.T.,  Durham  J.L.  and  Wilson  W.E.,  Direct  measurements  of 
emission  rates  of  some  atmospheric  biogenic  sulfur  compounds.  Tellus31,  174-178,  1979. 

Aneja  V.P.,  Robarge  W.P.,  and  Holbrook,  B.D.,  Measurements  of  nitric  oxide  flux  from  an  upper 
coastal  plain,  North  Carolina  agricultural  soil.  Submitted  to  Atmospheric  Environment, 
1994. 

Baumgartner,  M.,  Boch  E.,  and  Conrad  R.,  Processes  involved  in  uptake  and  release  of 
nitrogen  dioxide  from  soil  and  building  stones  into  the  atmosphere.  Chemosphere , 

24,  194 3-1960,  1992. 

Blake  G.R.  and  Hartge  K.H.,  Particle  density.  In  Methods  of  Soil  Analysis,  Part  1  (edited  by 
Klute  A),  ASA  Monograph  No.  9,  American  Society  of  Agronomy,  Madison,  WI, 

Chap  14,  1986. 

Cantrell  C.A.,  Lind  J.A.,  Shetter  R.E.,  Calvart  J.G.,  GoldanP.D.,  Kuster  W.,  Fehsenfeld  F.C., 
Montzka  S. A.,  Parriah  D.D.,  Williams  E.J.,  Buhr  M.P.,  Westberg  H.H.,  Allwine  G., 
and  Martin  R.,  Peroxy  radicals  in  the  ROSE  experiment.  Measurement  and  Theory.  J. 
Geophys.  Res.,  97,  20671-20686,  1992. 

Cassel,  D.K. ,  Department  of  Soil  Science,  North  Carolina  State  University,  Raleigh,  N.C., 
personal  communication,  1994. 

Cassel  D.K.  and  Nielsen  D.R.,  Field  capacity  and  available  water  capacity.  In  Methods  of  Soil 
Analysis,  Part  l  (edited  by  Klute  A  ),  ASA  Monograph  No.  9,  American  Society  of 
Agronomy,  Madison,  WI,  Chap  36,  1986. 


Daniels  R.  B.,  Kleiss  H.J.,  Buol  S.W.,  Byrd  H.J.,  and  Phillips  J.A.,  Soil  systems  in  North 
Carolina.  North  Carolina  Agricultural  Research  Services,  Bulletin  467,  North 
Carolina  State  University,  Raleigh,  North  Carolina,  1984. 

Davidson  E.  A.,  Stark  J.M.,  and  Firestone  M.K.,  Microbial  production  and  consumption  of  nitrate 
in  an  annual  grassland.  Ecology,  71,  1968-1975,  1990. 

Davidson  E.A.,  Fluxes  of  nitrous  oxide  and  nitric  oxide  from  terrestrial  ecosystems  In 

Microbial  Production  and  Consumption  of  Greenhouse  Gases:  Methane,  Nitrogen 
Oxides,  and Halomethanes  (edited  by  Rogers  J.E.  and  Whitman  W.B.),  pp.  219-235. 
American  Society  for  Microbiology,  Washington,  D.C.  20005,  1991. 

Davidson  E.  A.,  Sources  of  nitric  oxide  and  nitrous  oxide  following  wetting  of  dry  soil.  Soil  Sci. 
Soc.  Am.  J.,  56,  95-102,  1992. 

Davidson  E.  A.,  Soil  water  content  and  the  ratio  of  nitrous  oxide  to  nitric  oxide  emitted  from  soil. 
In  The  Biogeochemistry  of  Global  Change:  Radiative ly  Active  Trace  Gases  (edited  by 
Oremland  R.S.),  pp.  369-386,  Chapman  and  Hall,  New  York,  1993. 

DeMore  W.B.,  Molina  M.J.,  Watson  R.T.,  Golden  D  M.,  Hampson  M.J.,  Kurylo  M.J.,  Howard 
C.J.,  and  Ravishankara  A.R.,  Chemical  kinetics  and  photochemical  data  for  use  in 
stratospheric  modeling.  JPL  Publ.,  85-37,  28  pp.,  1985. 

Dickerson  R.  R.,  Delany  A.  C.,  and  Wartburg  A.  F.,  Further  modification  of  commercial  NOx 
detector  for  high  sensitivity.  Rev.  Sci.  Instrum.,  55,  1995-1998,  1984. 

Duxbury,  J.M.,  Harper  L.A.,  and  Mosier  A.R.,  Contributions  of  agroecosystems  to  global  climate 
change.  In  Agricultural  ecosystem  effects  on  trace  gases  and  global  climate  change 
(edited  by  Harper  L  A.  et  al  ),  ASA  Spec  Publ.  No.  55.,  ASA,  CSSA,  SSSA,  Madison, 

WI,  pp.  1-18,  1993. 

Finlayson-Pitts  B.  J.  and  Pitts  J.N.,  Jr.,  Atmospheric  Chemistry:  Fundamentals  and 

experimental  techniques.  John  Wiley  &  Sons,  Inc.,  pp.  526-528,  New  York,  1986. 

Firestone  M.K.,  and  Davidson,  E.A.,  Microbiological  basis  of  NO  and  N2O  production  and 
consumption.  In  Exchange  of  Trace  Gases  Between  Terrestrial  Ecosystems  and  the 
Atmosphere,  edited  by  Andreae,  M.O.  and  Schimmel,  D.S.,  pp.  7-21,  John  Wiley,  New 
York,  1989. 

Focht  D.D.,  and  Verstraete,  Biochemical  ecology  of  nitrification  and  denitrification.  Adv. 

Microb.  Ecol.,  I,  135-214,  1977. 


Hartsell  B.  E.  Characterization  of  peroxyacetyl  nitrate  (PAN)  in  the  rural  urban  Southeast  U.  S. 
M.S.  thesis.  Dept,  of  Marine,  Earth  and  Atmospheric  Sciences,  North  Carolina  State 
University,  Raleigh,  North  Carolina,  1993. 

Haynes  R.J.,  and  Sherlock  R.R.,  Gaseous  losses  of  nitrogen.  In  Mineral  nitrogen  in  the  plant- 
soil  system  (edited  by  Haynes  R.J.),  Academic  Press,  Sydney,  pp.  242-302,  1986. 

Hill  F.B.,  Aneja  V.P.,  and  Felder  R.M.,  A  technique  for  measurements  of  biogenic  sulfur 
emission  fluxes.  JEnv.  Set  Health  AIB  5:199-225,  1978. 

Hooper  A.B.,  Ammonia  oxidation  and  energy  transduction  in  the  nitrification  in  the  nitrifying 

bacteria.  In  Microbial  chemoautotrophy  (edited  by  Strohl  W.R.  and  Tuovinen  O.H.),  Ohio 
State  Univ.  Press,  Columbus,  pp.  133-167,  1984. 

Hutchinson  G.L.,  Biosphere-atmosphere  exchange  of  gaseous  N  oxides.  Submitted  to  Advances 
in  Soil  Science,  1993. 

Hutchinson  G.L.,  and  Brams  E.A.,  NO  versus  N2O  emissions  from  an  NH4+-amended  Bermuda 
grass  pasture.  J.  Geophys.  Res.,  97,  9889-9896,  1992. 

Hutchinson  G.L.,  and  Davidson  E.A.,  Processes  for  production  and  consumption  of  gaseous 
nitrogen  oxides  in  soil.  In  Agricultural  ecosystem  effects  on  trace  gases  and  global 
climate  change  (edited  by  Harper  L.A.  et  al  ),  ASA  Spec  Publ.  No.  55.,  ASA,  CSSA, 
SSSA,  Madison,  WI,  pp.  79-93,  1993. 

Ingraham  J.L.,  Temperature  relationships.  In  The  Bacteria  (edited  by  Gunsalus  I.C.  and  Stanier 
R.Y.),  Vol.  4.,  Academic  Press,  New  York,  pp.  265-296,  1962. 

Jacobi  W.,  and  Andre'  K.,  The  vertical  distribution  of  Radon  222,  Radon  220  and  their  decay 
products  in  the  atmosphere.  J.  Geophys.  Res.,  68,  3799-3814,  1963. 

Johansson  C.,  Field  measurements  of  emission  of  nitric  oxide  from  fertilized  and  unfertilized  soils 
in  Sweden.  J.  Atmos.  Chem.,  1,  429-442,  1984. 

Johansson  C.,  Rodhe  H.,  and  Sanhueza  E.,  Emission  of  NO  in  a  tropical  savanna  and  a  cloud 
forest  during  the  dry  season.  J.  Geophys.  Res.,  93,  7180-7192,  1988. 

Johansson  C.  and  Sanhueza  E.,  Emission  of  NO  from  savanna  soils  during  rainy  season.  J. 
Geophys.  Res.,  93,  14193-14198,  1988. 

Johansson  C.  and  Granat  L.,  Emission  of  nitric  oxide  from  arable  land.  Tellus,  36B,  25-37,  1984. 


Kaplan  W.  A.,  Wofsy  S  C.,  Keller  M.  and  Costa  J.  M.  D.,  Emission  of  NO  and  deposition  of  O3 
in  a  tropical  forest  system.  J.  Geophys.  Res.,  93,  1389-1395,  1988. 

Keeney  D.R.,  and  Nelson  D.W.,  Nitrogen-Inorganic  Forms.  In  Methods  of  Soil  Analysis, Part  2 
(edited  by  Page  A.L.),  ASA  Monograph  No.  9,  American  Society  of  Agronomy, 

Madison,  WI,  Chap  33,  1982. 

Kessel  M.,  Grieser  J.,  Wobbrock  W.,  and  Jaeschke  W.,  Nitrogen  oxides  concentrations  and  soil 
emission  fluxes  in  the  Po  Valley.  Tellus,  44B,  522-532,  1992. 

Kim  D.-S.,  Hartsell  B.  E.,  and  Aneja  V.  P.,  Measurements  and  analysis  of  reactive  nitrogen 

species  in  the  rural  troposphere  of  Southeast  United  States:  Southern  Oxidants  Study  Site 
SONIA.  Atmos.  Environ.,  submitted,  1993. 

Kim  D.-S.,  Aneja  V.P.,  and  Robarge  W.P.,  Characterization  of  nitrogen  oxide  fluxes  from  soil  of 
a  fallow  field  in  the  central  piedmont  of  North  Carolina.  Atmos.  Environ.,  28,  1 129-1137, 
1994. 

Klute,  A.,  Water  retention:  Laboratory  methods.  In  Methods  of  Soil  Analysis,  Part  1  (edited 
by  Klute  A.),  ASA  Monograph  No.  9,  American  Society  of  Agronomy,  Madison,  WI, 
Chap  26,  1986. 

Lachat  Instruments  Co.,  Methods  Manual  for  the  Quik  Chem  Automated  Ion  Analyzer.  Lachat 
Instruments,  6645  West  Mill  Road,  Milwaukee,  WI  53218,  1990. 

Lindsay  W.L.,  Sadiq  M.,  and  Porter  L.K.,  Thermodynamics  of  inorganic  nitrogen  transformations. 
Soil  Sci.  Sci.  Am.  J.,  45,  61-66,  1981. 

Linn  D.M.,  and  Doran  J.W.,  Effect  of  water-filled  pore  space  on  carbon  dioxide  and  nitrous  oxide 
production  in  tilled  and  nonfilled  soils.  Soil  Sci.  Soc.  Am.  J.,  48,  1267-1272,  1984. 

Lipschultz  F.,  Zafiriou  O.C.,  Wofsy  S.C.,  Elroy  M.B.,  Valois  F.W.,  and  Watson  S.W., 

Production  of  NO  and  N20  by  soil  nitrifying  bacteria.  Nature,  294,  641-643,  1981. 

Logan  J.  A.,  Nitrogen  oxides  in  the  troposphere;  Global  and  regional  budgets.  J.  Geophys.  Res., 
88,  10785-10807,  1983. 

Parrish  D.D.,  Williams  E.J.,  Fahey  D.W.,  Liu  S.C.,  and  Fehsenfeld  F.C.,  Measurements  of 
nitrogen  oxide  fluxes  from  soils:  Intercomparison  of  enclosure  and  gradient 
measurement  techniques.  J.  Geophys.  Res.,  92, 2165-2167,  1987. 

Schmidt  E.L.,  Nitrification  in  soil.  In  Nitrogen  in  Agricultural  Soils,  Agron.  Monogr.  Ser.,  vol. 

22,  pp.  253-288,  Soil  Science  Society  of  America,  Madison,  WI,  1982. 


Scintrex,  Ltd.,  LMA-3  LUMINOX  Operation  Manual.  SCINTREX/UNISEARCH,  Concord, 
Ontario,  Canada,  1987. 

Scintrex  Ltd.,  LMA-3  Operators  Manual.  SCINTREX/UNISEARCH,  Concord,  Ontario, 

Canada,  1989. 

Shepherd  M.F.,  Barzetti  S.,  and  Hastie  D.R.,  The  production  of  atmospheric  NOx  and  N2O  from 
a  fertilized  agricultural  soil.  Atmos.  Environ.,  25A,  1961-1969,  1991. 

Slemr  F.  and  Seiler  W.,  Field  study  of  environmental  variables  controlling  the  NO  emissions  from 
soil  and  the  NO  compensation  point.  J.  Geophys.  Res.,  96,  13017-13031,  1991 . 

Slemr  F.  and  Seiler  W.,  Field  measurements  of  NO  and  NO2  emissions  from  fertilized  and 
unfertilized  soils.  J.  Atmos.  Chem.,  2,  1-24,  1984. 

Soil  Science  Society  of  America,  Glossary  of  soil  science  terms.  SSSA,  Madison,  WI,  1987. 

Thermo  Environmental  Instruments  Inc.,  Instruction  Manual  Model  42(S):  Chemiluminescence 
N0-N02-N0x  analyzer.  Designated  reference  method  number  RFNA- 1289-074, 

Franklin,  MA,  1992. 

Tiedje  J.M.,  Ecology  of  denitrification  and  dissimilatory  nitrate  reduction  to  ammonium.  In 
Biology  of  anaerobic  microorganisms  (edited  by  Zehnder  A.  J.B.),  J.  Wiley  andSons, 
Chichester,  pp.  179-244,  1988. 

Tortoso  A.C.,  and  Hutchinson  G.L.,  Contributions  of  autotrophic  and  heterotrophic 

nitrifiers  to  soil  NO  and  N20  emissions.  Appl.  Environ.  Microbiol.,  56,  1799-1805,  1990. 

Tortoso  A.C.,  Hutchinson  G.L.,  and  Guenzi  W.D.,  Nitric  and  nitrous  oxide  emissions  during 
nitrification  and  denitrification  in  soil.  In  Agronomy  abstracts,  ASA,  Madison,  WI,  pp. 
190-191,  1986. 

Trainer  M.,  Buhr  M.  P.,  Curran  C.  M.,  Feshenfeld  F.  C.,  Hsie  E.  Y.,  Liu  S.  C.,  Norton  R.  B., 
Parrish  D.  D.,  Williams  E.  J.,  Observations  and  modeling  of  the  reactive  nitrogen 
photochemistry  at  a  rural  site.  J.  Geophys.  Res.,  96,  3045-3063,  1991. 

Trainer  M.,  Williams  E.  J.,  Parrish  D.  D.,  Buhr  M.  P.,  Allwine  E.  J.,  Westberg  H.  H., 

Fehsenfeld  F.  C.,  Liu  S.  C.,  Models  and  observations  of  the  impact  of  natural 
hydrocarbons  on  rural  ozone.  Nature,  329,  705-707,  1987. 

Valente,  R.J.  and  Thornton  F.C.,  Emissions  of  NO  from  soil  at  a  rural  site  in  Central  Tennessee. 
J.  Geophys.  Res.,  98,  16745-16753,  1993, 


Wameck,  P.,  Chemistry  of  the  Natural  Atmosphere.  Academic  Press,  Inc., ,  pp.  422-425,  New 
York,  1988. 

Watson  R.L.,  Meira  Filho  L.G.,  Sanhueza  E.,  and  Janetos  A.,  Greenhouse  gases:  Sources  and 
sinks.  In  1992 1PCC  Supplement ,  pp.  28-46,  Cambridge  University  Press,  New  York, 
1992. 

Wesely  M.L.,  Sisterson  D.L.,  Hart  R.L.,  Drapcho  D.L.,  and  Lee  I.Y.,  Observations  of  nitric  oxide 
fluxes  over  grass.  J.  Atmos.  Chem.,  9,  447-463,  1989. 

Wesely  M.L.,  and  Hart  R.L.,  Variability  of  short  term  eddy-correlation  estimates  of  mass 

exchange.  In  The  Forest- Atmosphere  Interaction  (edited  by  Hutchinson  B.A.  and  Hicks 
B.B.),  pp.  591-612,  1985. 

Williams  E.  J.,  Hutchinson  G.  L.  and  Fehsenfeld  F.  C.,  NOx  and  N2O  emissions  from  soil.  Global 
Biogeochemical  Cycles,  6,  351-388,  1992. 

Williams  E.  J.  and  Fehsenfeld  F.  C.,  Measurement  of  soil  nitrogen  oxide  emissions  at  three 
north  American  ecosystems.  J.  Geophys.  Res.,  96,  1033-1042,  1991. 

Williams  E.  J.,  Parrish  D.  D.,  Buhr  M.  P.  and  Fehsenfeld  F.  C,,  Measurement  of  soil  NOx 
emission  in  Central  Pennsylvania.  J.  Geophys.  Res.,  93,  9539-9546,  1988. 

Williams  E.  I,  Parrish  D.D.,  and  Fehsenfeld  F.C.,  Determination  of  nitrogen  oxide  emission  from 
soils;  Results  from  a  grassland  site  in  Colorado,  United  States.  J.  Geophys.  Res.,  92, 
23173-23179,  1987. 


ABSTRACT 


HOLBROOK,  BENNY  DARYL.  Characterization  and  Graphical  Visualization  of 
Fluxes  of  Oxides  of  Nitrogen  from  Agricultural  Soils  in  North  Carolina.  (Under  the 
direction  of  Viney  P.  Aneja  and  Vmod  K.  Saxena.) 

Oxides  of  nitrogen  (NOx  =  NO  +  NO2)  play  a  central  role  in  tropospheric 
photochemistry.  In  terms  of  global  source  strength,  NOx  sources  are  dominated  by 
anthropogenic  emissions  from  the  burning  of  fossil  fuels  or  from  biomass  burning. 
Natural  biogenic  emissions  from  soils  are  usually  considered  to  be  only  a  small  fraction 
of  the  anthropogenic  emissions,  but  the  source  strength  is  not  well  known.  Field 
measurements  of  NOx  were  made  in  two  seasons  in  an  agriculturally-managed  field. 
The  NO  flux  estimates  were  used  to  produce  a  graphical  representation  of  the  spatial 
distribution  of  ozone  in  the  state,  and  to  assess  the  magnitude  of  these  biogenic  soil  NO 
emissions  as  a  percentage  of  the  total  NO  emissions  in  the  state. 

It  is  presently  recognized  that  both  nitrifying  bacteria  in  aerobic  environments 
and  denitrifying  bacteria  in  anaerobic  environments  produce  NO.  Field  studies  of  NO 
emission  rates  show  that  they  are  a  function  of  soil  type,  soil  temperature,  soil  moisture 
content,  past  use  (fertilization  or  domestic  animal  grazing),  vegetation  cover,  season, 
surface  wind  speed,  specific  location  within  seemingly  uniform  areas,  and  NO  (and 
perhaps  N02)  levels  in  the  air  above  the  soil.  To  date,  three  general  techniques  have 
been  used  for  most  of  the  published  measurements  of  NOx :  the  chamber  technique,  the 
gradient  technique,  and  the  eddy  correlation  technique. 

Agricultural  soil  NO  flux  measurements  were  made  from  August  18  to 
September  1,  1993  in  the  Upper  Coastal  Plain  region  of  North  Carolina  in  an  effort  to 


determine  the  potential  role  of  natural  emissions  of  NO  on  the  formation  of  ozone  in 
rural  areas  (Section  I).  Overall  average  NO  flux  rates  increased  proportionally  to  the 
level  of  applied  fertilizer  nitrogen  in  the  agricultural  soil.  The  soybean,  cotton  and  com 

field  measurements  revealed  an  average  NO  flux  of  1.79  (range  -1.0  to  6.9)  ng-N  m“2  s* 
3.77  (range  -0.1  to  38.0)  ng-N  m-2  s'l;  and  8.05  (range  -0.5  to  52.8)  ng-N  m"2  s'* 
respectively.  There  was  a  positive  correlation  between  NO  concentration  near  the  soil 
surface  (~50  cm)  and  NO  flux.  A  significant  negative  correlation  between  NO  flux  and 
ambient  O3  concentration,  however,  supports  the  hypothesis  that  soil  emissions  of  NO 
contribute  to  local  production  of  O3  in  rural  areas. 

The  fluxes  of  NO  and  NO2  from  a  fallow  field  to  the  atmosphere  were 
measured  (Section  II).  Two  identical  chambers  were  used,  with  ambient  air  as  the 
carrier  gas  in  one,  and  nitrogen  as  the  carrier  gas  in  the  other.  Overall  average  NO  flux 
rates  increased  proportionally  to  carbon/nitrogen  ratio  of  the  plant  residue  plowed  back 
into  the  soil  at  the  end  of  the  previous  growing  season.  The  soybean,  cotton  and  com 
field  measurements  revealed  an  average  NO  flux  of  10.23  (range  -10.77  to  133.06)  ng-N 

m-2  s-1;  5.07  (range  -11.71  to  109.55)  ng-N  nr2  s’1;  and  3.68  (range  -17.51  to  40.39) 

ng-N  m'2  s'l  respectively,  using  the  ambient  air  carrier  gas.  The  winter  measurements 
suggest  that  significant  fluxes  are  generated  during  fallow  periods  when  the  plant 
residue  is  mixed  back  into  the  soil,  a  common  agricultural  practice. 

Using  the  assumption  that  the  NO  fluxes  described  in  the  preceding  two 
sections  are  representative  of  those  across  North  Carolina,  these  fluxes  were  used  to 
develop  graphical  displays  of  the  spatial  distribution  of  soil  NO  emissions  in  the  state. 


(Section  HI).  The  visualizations  have  a  county  spatial  resolution.  Visualizations  were 
developed  for  each  crop  type,  during  both  measurement  periods,  using  the  ambient  air 
based  NO  flux  values.  These  NO  emission  estimates  were  compared  to  other  values  in 
the  literature,  (normalized  to  NC  crop  acreage).  Estimates  of  the  soil  emission  of  NO  as 
a  percentage  of  total  (all  sources)  NO  emission  in  the  state  were  compared  to  the 
current  input  values  used  in  the  Regional  Oxidants  Model. 
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SECTION  I:  MEASUREMENTS  OF  NITROGEN  OXIDE  FLUX  FROM  AN 
UPPER  COASTAL  PLAIN,  NORTH  CAROLINA  AGRICULTURAL  SOIL 


Abstract 

Agricultural  soil  NOx  flux  measurements  (using  a  dynamic  chamber  technique) 
were  made  from  August  18  to  September  1,  1993  in  the  Upper  Coastal  Plain  region  of 
North  Carolina  in  an  effort  to  determine  the  role  of  natural  emissions  of  NO  on  rural 
atmospheric  photochemistry.  Overall  average  NO  flux  rates  increased  proportionally  to 
the  level  of  applied  fertilizer  nitrogen  in  the  agricultural  soil.  The  soybean,  cotton  and 
com  field  measurements  revealed  an  average  NO  flux  of  1.79  (range  -1.0  to  6.9)  ng-N  m" 
2  s'l;  3.77  (range  -0.1  to  38.0)  ng-N  m'2  s**;  and  8.05  (range  -0.5  to  52.8)  ng-N  m'2  s' 
1  respectively.  There  was  a  positive  correlation  between  NO  concentration  near  the  soil 
surface  (-50  cm)  and  NO  flux.  A  significant  negative  correlation  between  NO  flux  and 
ambient  03  concentration,  however,  supports  the  hypothesis  that  soil  emissions  of  NO 
contribute  to  local  production  of  O3  in  rural  areas. 
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introduction 


Gaseous  oxides  of  nitrogen  (NO  +  NO2  =  NO*)  are  trace  atmospheric  constituents 
that  function  directly  or  indirectly  as  potentially  important  greenhouse  gases  in  various 
global  climate  change  scenarios  (Duxbury  et  al.,  1993).  NOx  also  participates  in  the 
production  and/or  consumption  of  atmospheric  oxidants  (e.g.  03,  OH)  and  is  removed 
from  the  atmosphere  in  a  series  of  photochemical  reactions  that  result  in  formation  of 
HNO3  (Logan,  1983).  In  addition,  it  has  been  suggested  that  NOx  emissions  from  soils 
may  comprise  a  significant  fraction  of  the  unaccounted  losses  observed  in  the  nitrogen 
budget  of  fertilized  agricultural  soils  (Hutchinson  and  Davidson,  1993). 

Measurements  of  NOx  emission  at  a  variety  of  locations  around  the  globe  (Slemr 
and  Seiler,  1984;  Anderson  and  Levine,  1987;  Williams  et  al.  1987,  1988;  Johansson  et 
al.,  1988;  Johansson  and  Sanhueza,  1988;  Johansson  and  Granat,  1984;  Kaplan  et  al., 
1988;  Williams  and  Fehsenfeld,  1991;  Hutchinson  and  Brams,  1992;  Valente  and 
Thornton,  1993;  Kim  et  al.,  1994)  have  shown  that  soil  emissions  are  highly  variable  both 
temporally  and  spatially,  and  this  variation  can  be  substantial.  The  high  variability  is  due 
to  variations  in  soil  physical,  chemical  and  biological  parameters  including  soil 
temperature,  soil  water  content,  past  use  (fertilization  or  domestic  animal  grazing), 
vegetation  cover,  season,  surface  wind  speed,  and  NO  (and  possibly  NO2)  levels  in  the  air 
above  the  soil  (Williams  et  al.,  1987;  Kim  et  al.  1994). 

Because  biogenic  emissions  from  microbial  processes  in  soil  are  thought  to  be  one 
of  the  principal  sources  of  atmospheric  nitrogen  oxides,  it  becomes  important  to 
determine  the  magnitude  of  this  source  and,  if  appropriate,  to  develop  control 
technologies,  such  as  alternative  soil  management  practices,  or  improved  fertilizer 
formulations  and  application  techniques  (Hutchinson  and  Brams,  1992).  Uncertainties  in 
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N0X  budgets  could  cause  an  incorrect  assessment  of  the  role  of  biogenic  NOx  in 
atmospheric  chemistry.  It  has  been  suggested  that  NOx  emission  from  soils  in  rural 
areas  may  represent  a  more  significant  source  of  NOx  than  was  initially  estimated 
(Williams  et  al.,  1988).  Since  NOx  emissions  data  is  used  as  input  for  photochemical 
models,  representative  estimates  of  biogenic  flux  are  critical  for  regional  photochemical 
modeling  studies  (Kim  et  al.,  1993). 

Without  an  accurate  assessment  of  the  magnitude  of  NOx  emissions  from  soil,  and 
its  inclusion  into  air  quality  models,  the  effectiveness  of  subsequent  ozone  control 
strategies  is  diminished.  This  paper  presents  preliminary  results  of  the  measurement  of 
NOx  emissions  from  agriculturally-managed  soils  in  the  Upper  Coastal  Plain  of  North 
Carolina.  These  measurements  were  taken  in  three  different  agriculturally-managed 
fields,  each  containing  a  crop  representing  a  different  level  of  applied  fertilizer  nitrogen. 
The  measurements  were  made  using  a  dynamic  chamber  technique  (Aneja,  1975;  Hill  et 
al.,  1978;  Aneja  et  al.,  1979)  in  order  to  gain  insight  into  the  role  of  natural  emissions  of 
NOx  on  rural  photochemistry.  Observations  of  ambient  O3  complement  these 
measurements. 

These  emission  estimates  will  also  be  used  to  show  the  spatial  distribution  of  NO 
fluxes  in  North  Carolina,  and  will  be  compared  to  the  current  input  values  used  in  the 
Regional  Oxidants  Model  (ROM),  to  assess  the  validity  of  the  current  input  values. 

EMISSION  ESTIMATES 

In  terms  of  global  source  strength,  NOx  sources  are  dominated  by  anthropogenic 
emissions  from  the  burning  of  fossil  fuels  or  from  biomass  burning  (Logan,  1983; 
Anderson  et  al.,  1988).  These  sources  are  generally  located  in  highly  industrialized  or 


densely  populated  regions.  Natural  NOx  sources  include  microbial  processes  in  soil, 
lightning,  oxidation  of  atmospheric  NH3,  photolytic  and  biological  processes  in  the  ocean, 
and  stratospheric  injection  (Wameck,  1988).  Natural  biogenic  emissions  from  soils  are 
usually  considered  to  be  only  a  small  fraction  of  the  anthropogenic  emissions,  but  the 
source  strength  is  not  well  known  (Anderson  and  Levine,  1987). 

Globally,  sources  of  atmospheric  NOx  are  about  equally  distributed  between 
anthropogenic  (~  30  Tg  N  yr'1)  and  natural  (~  20  Tg  N  yr'1)  (Watson  et  al.  (1992). 
However,  Hutchinson  (1993)  suggests  that  the  soil  source  of  NO  alone  may  represent  as 
much  as  40%  of  the  global  NOx  budget.  Given  the  measured  variability  (both  temporal 
and  spatial)  and  experimental  uncertainties,  estimation  of  global  or  regional  source 
magnitudes  of  soil  NOx  emission  is  very  uncertain. 

Global  estimates  of  soil  emitted  NO  range  from  1  Tg  N  yr"1  (Johansson,  1984)  to 
11  TgN  yr"1  (Slemr  and  Seiler,  1984)  to  15  Tg  N  yr'1  (Lipschultz  et  al.,  1981)  to  20  Tg 
N  yr’1  (Davidson,  1991).  The  coefficient  of  variation  in  measured  NOx  emissions  is 
typically  100%  or  greater,  even  in  locations  which  are  characterized  as  homogeneous 
(Valente  and  Thornton,  1993). 

PRODUCTION  MECHANISMS 

Nitrogen  enters  the  biosphere  largely  by  way  of  bacterial  nitrogen  fixation.  The 
term  fixed  nitrogen  is  used  to  describe  nitrogen  contained  in  chemical  compounds  that  all 
plants  and  microorganisms  can  utilize.  Figure  1  serves  as  a  guide  for  the  biochemical 
transformations  of  the  various  compounds  representing  fixed  nitrogen.  Dead  organic 
matter  undergoes  decomposition  by  a  host  of  different  bacteria.  Thereby,  organic 
nitrogen  is  mineralized  to  ammonium  unless  it  is  assimilated.  Under  aerobic  conditions,  a 
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number  of  specialized  bacteria  derive  their  energy  needs  from  the  oxidation  of  ammonium 
to  nitrite  and  then  further  to  nitrate.  This  process  is  called  nitrification  (Wameck,  1988). 
Nitrate  is  the  major  end  product  of  nitrification.  Most  plants  can  utilize  nitrate  as  well  as 
ammonium  to  satisfy  their  nitrogen  needs.  A  fraction  of  this  nitrate,  however,  undergoes 
bacterial  reductions  toward  N2  (Wameck,  1988).  This  process  is  called  denitrification. 

It  is  presently  recognized  that  both  nitrifying  bacteria  in  aerobic  environments  and 
denitrifying  bacteria  in  anaerobic  environments  produce  NO.  Lipschultz  et  al.  (1981) 
found  NO  and/or  NO2  as  direct  products  of  nitrification,  evolving  concurrently  with 
nitrite  (Figure  2).  Focht  and  Verstraete  (1977)  identified  NO  as  an  intermediate  species 
in  denitrification. 

Nitrification 

Nitrification  is  defined  as  the  biological  oxidation  of  ammonium  (NH<+)  to  nitrite 
(NO2)  and  nitrate  (NO3O,  or  a  biologically  induced  increase  in  the  oxidation  state  of  N 
(Soil  Science  Society  of  America,  1987).  Numerous  studies  have  indicated  that 
nitrification  is  a  quantitatively  important  part  of  the  N  cycle  in  most  cultivated 
agricultural  soils  (Hutchinson  and  Davidson,  1993). 

The  process  of  nitrification  is  associated  with  the  metabolism  of  chemoautotrophic 
bacteria  of  the  family  Nitrobacteriaceae,  with  the  preponderance  of  nitrification  in  soil 
accomplished  by  a  few  genera  -  Nitrosomonas  and  Nitrospira ,  which  oxidize  NH*+  to 
N02\  and  Nitrobacter,  which  converts  NO2  to  NO3'  (Hutchinson  and  Davidson,  1993). 

The  biochemical  pathway  of  chemoautotrophic  nitrification  remains  the  subject  of 
much  debate.  There  is  good  evidence  that  hydroxylamine  (NH2OH,  N  oxidation  state  -1) 
is  the  first  intermediate  product  of  NIV  oxidation  (Figure  1),  but  subsequent 
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Figure  1.  The  biological  nitrogen  cycle  in  the  atmosphere-soil  system.  (Wameck,  1988) 


Figure  2.  Biological  and  abiological  processes  of  production  and  consumption  of  NO. 
(Davidson,  1991) 
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intermediates  with  N  oxidation  states  +1  and  +2  are  not  known  with  any  certainty 
(Hooper,  1984).  The  oxidation  of  NCV  to  NCV  by  Nitrobacter  is  a  simple  two-electron 
shift  in  N  oxidation  state  from  +3  to  +5  (Figure  2)  and  involves  no  intermediates 
(Schmidt,  1982). 

There  is  abundant  evidence  that  NO  is  included  among  the  products  of 
chemoautotropic  nitrification.  It  has  long  been  known  that  NO  is  produced  by 
chemoautotropic  nitrifiers  in  culture,  but  only  much  more  recently  recognized  that  this 
process  serves  as  a  significant  source  of  NO  emitted  from  soil  (Hutchinson  and  Davidson, 
1993).  Studies  using  acetylene  or  nitrapyrin  to  inhibit  NH/  oxidation  and  chlorate  to 
inhibit  NO2'  oxidation  have  shown  that  NO  produced  during  chemoautotropic 
nitrification  are  a  direct  result  of  the  activity  of  those  organisms  responsible  for  the  first 
step  of  this  process,  i.e.,  oxidation  of  NH4*  to  NO2’  (Davidson,  1992;  Tortoso  and 
Hutchinson,  1990). 

Denitrification 

Denitrification  is  defined  as  respiratory  reduction  of  MV  or  NCV  to  gaseous  NO, 
N20  or  N2  (Figure  1)  that  is  coupled  to  electron  transport  phosphorylation  (Hutchinson 
and  Davidson,  1993).  Denitrification  occupies  a  position  of  pivotal  importance  in  the  N 
cycle  of  the  biosphere.  In  its  absence,  all  biologically  available  N  that  has  been  released 
from  igneous  rocks  of  the  Earth’s  original  crust  and  mantle  would  have  been  converted 
long  ago  to  its  more  thermodynamically  stable  form  of  NCV  in  the  oceans  (Lindsay  et  al., 
1981). 

Unlike  the  narrow  species  diversity  of  organisms  responsible  for  nitrification  in 
soil,  denitrification  capacity  is  common  to  several  taxonomically  and  physiologically 
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different  bacterial  groups  (Hutchinson  and  Davidson,  1993).  Included  among  the 
denitrifiers  are  phototrophs,  lithotrophs,  and  organotrophs  that  derive  energy  for  growth 
and  regeneration  from  light,  inorganic  substrates,  and  organic  substrates,  respectively 
(Hutchinson  and  Davidson,  1993).  The  latter  group  dominates  the  denitrifying 
populations  of  natural  soil  and  water  environments.  Within  this  group  species  of 
Pseudomonas  predominate,  and  except  in  special  or  unusual  environments  most  of  the 
remaining  denitrifying  organisms  are  species  of  the  closely  related  Alcaligenes  (Tiedje, 
1988). 

NO  is  not  usually  considered  to  be  a  major  end  product  of  denitrification  in  soil. 
Although  this  belief  may  partially  reflect  that  convenient  and  sensitive  methodology  for 
NO  analysis  has  only  been  available  for  the  last  decade,  mass  balance  experiments  long 
ago  confirmed  the  absence  of  a  major  unknown  denitrification  product  (Hutchinson  and 
Davidson,  1993).  Nevertheless,  Tortoso  et  al.  (1986)  reported  that  NO  was  the  principal 
denitrification  product  when  they  initiated  the  process  in  laboratory-incubated  soil  by 
removing  O2  from  the  air  stream  sweeping  the  incubation  jar  headspace.  In  the  natural 
soil  environment  denitrification  generally  occurs  only  when  the  soil’s  water  content  is 
high  enough  to  restrict  O2  availability,  which  also  restricts  the  diffusion  rates  of  other 
gases  in  soil  (Baumgartner  et  al.,  1992).  The  resulting  increase  in  time  required  for  NO 
diffusion  to  the  soil  surface,  combined  with  its  instability  toward  further  reduction,  allows 
very  little  NO  to  escape  (Hutchinson  and  Davidson,  1993). 

Environmental  controls  on  soil  NOx  exchange 

Despite  increasing  understanding  of  cellular  level  controls  on  the  microbial 
production  and  consumption  of  gaseous  oxides  of  nitrogen,  applying  that  knowledge  to 


8 


explain  and  predict  variation  in  soil  NO  across  and  within  landscapes,  or  even  in  small 
plot  studies,  remains  troublesome  (Hutchinson  and  Davidson,  1993).  However,  despite 
the  large  variability  of  soil  NOx  exchange  rates  (Williams  et  a!.,  1992)  and  the  diversity  of 
processes  involved  in  the  production,  consumption  and  transport  of  these  N  gases, 
various  patterns  are  obvious  when  field-measured  exchange  rates  are  analyzed.  For 
example,  warm,  relatively  dry  soils  produce  more  NO  than  wet  cool  soils,  so  grasslands 
and  savannah  soils  tend  to  be  stronger  sources  than  forest  soils  at  the  same  latitude 
(Hutchinson,  1993).  Johansson  et  al.  (1988)  observed  larger  average  NO  emission  from 
savannah  areas  than  forested  areas  in  Venezuela.  They  also  reported  that  the  NO  fluxes 
measured  from  both  areas  were  from  3  to  30  times  larger  than  from  analogous 
ecosystems  in  temperate  regions.  Field  studies  of  NO  emission  rates  (Johansson,  1984; 
Johansson  and  Granat,  1984;  Slemr  and  Seiler,  1984;  Shepherd  et  al.,  1991;  Kim  et  al., 
1994)  show  that  they  are  a  function  of  soil  type,  soil  temperature,  soil  moisture  content, 
past  use  (fertilization  or  domestic  animal  grazing),  vegetation  cover,  season,  surface  wind 
speed,  specific  location  within  seemingly  uniform  areas,  and  NO  (and  perhaps  NO2)  levels 
in  the  air  above  the  soil.  Of  these  various  parameters,  soil  temperature,  moisture  content 
and  available  N  appear  to  exert  the  dominant  influence  on  NO  flux  from  soils. 

Soil  Temperature 

The  relationship  between  NO  emission  rate  and  soil  temperature  most  often 
reported  in  the  literature  (Williams  et  al.,  1992;  Valente  and  Thornton,  1993;  Kim  et  al., 
1994,  and  references  therein)  is  exponential,  of  the  form 

NO  emission  rate  =  A  exp  BT  (i) 
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where  the  emission  rate  is  expressed  in  units  of  ng  N  m'2  s‘\  T  is  the  5  cm  soil 
temperature  in  degrees  Celsius,  and  A  and  B  are  fitted  parameters  with  A  reflecting  soil 
land  use  category.  This  formula  has  been  shown  to  hold  for  temperatures  ranging  from 
15  0  to  35  °C  (Williams  and  Fehsenfeld,  1991)  with  emission  nearly  doubling  for  each  10 
°C  increase  in  temperature.  Additionally,  while  the  optimum  temperature  for 
denitrification  may  vary  from  one  area  to  another,  the  rate  of  denitrification  also  increases 
by  approximately  a  factor  of  2  for  every  10  °C  increase  in  temperature  (Haynes  and 
Sherlock,  1986).  Changes  in  temperature  below  about  15  °C  typically  have  much  greater 
effect  on  the  rates  of  all  biological  processes  than  changes  above  this  threshold  and  are 
not  well  characterized  by  equation  (1)  (Ingraham,  1962).  However,  the  potential  for 
important  soil  emission  of  NO  at  low  temperature  cannot  be  discounted  because  the 
organisms  responsible  for  both  nitrification  and  denitrification  are  known  to  possess  the 
capacity  for  adaptation  to  extreme  climates  (Focht  and  Verstraete,  1977;  Haynes  and 
Sherlock,  1986).  NO  emission  from  soil  also  decreases  at  temperatures  in  excess  of 
about  35  °C.  Intuitively,  biogenic  activity  will  eventually  reach  a  maximum  with 
increasing  temperature,  with  the  location  of  this  maximum  with  increasing  soil 
temperature  confounded  by  soil  moisture  and  available  nutrients  (Williams  and 
Fehsenfeld,  1991;  Aneja  et  al.,  1994). 

Soil  Moisture 

Although  nitric  oxide  emissions  follow  changes  in  soil  temperature,  this  correlation 
is  complicated  by  the  dependence  of  NO  emission  on  soil  moisture  content.  Soil 
moisture  content  affects  NOx  production,  consumption  and  transport,  with  the  most 
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important  effect  (outside  its  universal  requirement  by  all  life  processes)  resulting  from  its 
strong  influence  on  both  gas  phase  and  solution  phase  diffusive  transport  rates 
(Hutchinson,  1993).  Higher  water  contents  increase  the  ratio  of  water-filled  to  air-filled 
pore  space,  resulting  in  thicker  water  films  lining  the  remaining  air-filled  pores,  thus 
enhancing  the  transport  of  species  in  solution,  while  retarding  that  of  gases  in  the  soil 
atmosphere.  This  suggests  that  for  aerobic  microbial  processes  like  nitrification,  the 
overall  process  rate  is  probably  limited  by  solution-phase  substrate  diffusion  through  the 
water  films  in  dry  soil,  and  by  gas-phase  O2  diffusion  in  wet  soil  (Hutchinson,  1993).  The 
optimum  soil  water  content  for  aerobic  processes  is  about  60%  water-filled  pore  space 
(%WFPS,  Figure  3)  (Linn  and  Doran,  1984),  but  it  is  important  to  realize  this  value 
applies  to  overall  process  rates,  rather  than  the  production  of  specific  end  products 
(Davidson,  1993).  In  addition  to  these  transport-related  effects  of  soil  water  content  on 
NO  evolution  rate,  several  authors  have  reported  a  large  burst  of  emissions  following 
wetting  of  a  very  dry  soil  (e.g.,  Slemr  and  Seiler,  1984;  Anderson  and  Levine,  1987; 
Williams  et  al.,  1987;  Davidson,  1992).  Emission  rates  during  such  an  event  can  be  up  to 
three  orders  of  magnitude  higher  than  preceding  or  following  rates,  so  that  the  quantity 
of  soil  N  lost  during  its  short  duration  may  exceed  the  total  amount  emitted  during  the 
relatively  long  periods  between  times  that  the  soil  dries  and  the  next  addition  of  water 
(Hutchinson,  1993). 
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Figure  3.  Model  of  the  relationship  between  WFPS  (water-filled  pore  space)  of  soil  and 
relative  fluxes  of  N  gases.  (Davidson,  1991) 

Interestingly,  subsequent  wettings  by  irrigation  or  rainfall  may  produce  further 
significant  increases  in  emissions  above  the  levels  measured  from  dry  soils,  but  the 
amount  is  small  compared  to  that  observed  for  a  single  wetting  of  a  very  dry  soil 
(Johansson  et  al.,  1988;  Wiliams  et  al.,  1987).  Reasons  for  this  unusually  large  response 
of  N  oxide  emissions  to  wetting  of  dry  soil  remain  unclear. 

Soil  Nitrogen  Availability 

There  is  abundant  evidence  that  the  availability  of  organic  and  inorganic  N  in  soils 
also  strongly  influences  NO  emission  (Slemr  and  Seiler,  1984;  Anderson  and  Levine, 
1987;  Wiliams  et  al.,  1987;  Davidson,  1992;  Hutchinson  and  Brains,  1992;  Hutchinson, 
1993).  Because  both  nitrification  and  denitrification  are  often  substrate  limited,  soil  NH** 
or  soil  NO3'  pool  sizes  might  be  expected  to  serve  as  useful  indicators  of  the  rate  of  N 
transformation,  and  thus  to  forecast  NO  exchange  rates  (Firestone  and  Davidson,  1989). 
However,  because  the  turnover  rates  of  soil  inorganic  N  pools  are  sometimes  very  rapid. 
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pool  sizes  may  not  accurately  reflect  the  prevailing  rate  of  N  cycling,  or,  more 
specifically,  the  rate  of  substrate  supply  to  nitrifying  or  denitrifying  bacteria  (Hutchinson, 
1993).  For  example,  Davidson  et  al.  (1990)  estimated  that  turnover  time  of  the  soil  NH/ 
pool  in  a  dry  California  grassland  was  about  one  day,  so  low  measured  NH/ 
concentrations  were  a  poor  indicator  of  the  rate  ofNH*+  supply. 

Unfortunately,  all  reported  correlations  tend  to  be  site-specific  or  study-specific, 
and  no  single  predictive  parameter  (or  combination  of  parameters)  has  emerged  that 
accurately  reflects  the  effect  of  soil  NO  emissions  across  all  sites  and  studies  (Davidson, 
1991).  Failure  to  find  common  predictors  probably  reflects  that  (1)  two  very  different 
processes  are  involved,  i.e.,  nitrification  and  denitrification,  (2)  other  process-limiting 
factors  that  interact  with  N  availability  may  be  more  important  at  some  sites  than  others, 
and  (3)  the  scale  chosen  for  investigation  influences  the  nature  of  the  predictors  likely  to 
be  found  useful  (Hutchinson,  1993).  For  example,  soil  NCV  concentration  was  a  good 
predictor  of  NO  emissions  when  hardwood  forests  were  compared  to  fertilized  com 
fields,  but  it  did  not  account  for  substantial  variation  within  each  location  (Williams  and 
Fehsenfeld,  1991);  at  the  latter  scale,  modest  topographic  gradients  or  local  scale  effects 
of  crop  residues  may  be  important  contributors  to  the  observed  variability.  It  is  not  dear 
whether  the  relation  of  NO  emissions  to  soil  NO3'  concentration  at  the  larger  scale 
reflects  the  importance  of  this  ion  as  a  substrate  for  denitrification,  as  a  product  of 
nitrification,  or  simply  that  NO3'  tends  to  accumulate  in  soils  where  N  is  abundant 
compared  to  the  availability  of  readily-oxidizable  carbon  (Hutciiinson,  1993). 
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measurement  techniques 


To  date,  two  general  classes  of  techniques  have  been  used  for  most  of  the 
published  measurements  of  NOx  :  chamber  techniques,  and  meteorological  techniques, 
which  encompasses  the  gradient  technique  and  the  eddy  correlation  technique 

Chamber  Technique 

The  chamber  technique  can  be  subdivided  into  two  different  types:  the  static 
chamber  and  the  dynamic  chamber  methods. 

The  static  chamber  is  sealed  to  the  atmosphere,  and  has  a  relatively  large  volume  in 
comparison  to  the  size  of  the  sample  taken,  with  the  sample  volume  typically  ~  1%  of  the 
chamber  volume.  Most  static  chamber  designs  in  the  literature  have  internal  stirring  fens 
to  ensure  well-mixed  conditions  exist  throughout  the  chamber.  Valente  and  Thornton 
(1993)  compared  measured  concentrations  of  NO  within  their  sealed  chamber  with  and 
without  replacement  of  the  withdrawn  sample  air  (~  1.5%  of  the  chamber  volume)  by  an 
equal  amount  of  purified  (zero)  air.  Their  results  showed  no  significant  difference 
between  replacement  and  no  replacement,  even  after  five  samples  were  drawn  (~  7.5%  of 
the  chamber  volume).  This  result  will  vary  with  chamber  volume  and  sample  flow  rate. 

In  the  dynamic  chamber  technique,  a  carrier  gas  (normally  ambient  air,  zero  air,  or 
nitrogen,  (Nj))  is  passed  through  the  chamber.  The  NOx  concentration  at  the  chamber 
output  (along  with  the  chamber  input  NOx  concentration  when  ambient  air  is  used  as  the 
carrier  gas)  is  used  to  determine  the  soil  emission  of  NOx.  Additional  quantities  needed 
are  soil  and  air  temperature,  flow  rate  through  the  chamber,  chamber  volume,  cross- 
sectional  area,  and  losses  in  the  chamber,  which  are  all  relatively  easy  to  characterize. 
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Typically,  the  chamber  volumes  range  from  ~  25  liter  (dynamic)  to  ~  100  liter 
(static),  and  are  lined  with  Teflon  film  to  minimize  wall  loss  of  the  measured  species.  The 
chambers  are  normally  placed  on  a  frame  placed  2-10  cm  into  the  soil.  Measurements  are 
normally  delayed  a  few  hours  (or  days)  to  minimize  the  effects  of  possible  disruption  of 
the  soil  environment  on  NOx  emission.  Flow  rates  in  dynamic  chambers  range  from  sub- 
liter  to  tens  of  liters  per  minute.  Deliberate  leaks  are  often  used  to  minimize  the  pressure 
differences  between  the  atmosphere  and  the  chamber  in  dynamic  chambers.  Both  opaque 
and  transparent  chambers  have  been  utilized. 

Chamber  techniques  are  extensively  used  for  NOx  measurements,  due  to  their 
portability,  ease  of  use,  low  manpower  requirements,  relatively  low  cost  when  compared 
to  other  techniques,  placement  flexibility,  and  quick  sampling  time.  Drawbacks  include 
the  neglect  of  vegetation  uptake  effects  due  to  the  small  chamber  volume,  and  the 
inherent  assumption  of  soil  homogeneity.  However,  Parrish  et  al.  (1987)  found  this  effect 
was  negligible  when  compared  to  the  measured  variability  of  the  emission  of  NO  from 
soils. 

Micrometeorological  Techniques 

Gradient  Technique.  The  gradient  technique  is  based  on  measurements  of  NO  and  O3  at 
different  heights  above  the  soil  (Parrish  et  al,  1987).  A  vertical  gradient  is  established  in 
the  mixing  ratio  of  NO  because  it  is  emitted  at  the  surface  and  is  then  mixed  upward  in 
the  atmosphere.  In  the  atmosphere  NO  reacts  rapidly  with  the  O3  to  produce  NO2.  The 
atmospheric  concentration  of  ozone  is  several  orders  of  magnitude  larger  than  that  of  NO 
at  night  in  relatively  unpolluted  air  masses.  During  the  nighttime  hours,  the  vertical 
gradient  of  NO  concentration  is  determined  solely  by  the  rates  at  which  NO  is  emitted 
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from  the  soil,  mixed  upward  by  near  surface  atmospheric  transport  and  diffusion 
processes,  and  destroyed  by  reaction  with  ozone  (Parrish  et  al.,  1987).  It  is  assumed  that 
NO  emitted  from  the  soil  equals  the  integrated  loss  in  the  lowest  layer  of  the  atmosphere 
above  the  surface  due  to  the  reaction  with  ozone  (Johansson  and  Sanhueza,  1988);  i.e., 

NO  emission  =  j^0 klNO^lO^dz  (2) 

where  k  is  the  rate  constant  for  the  reaction  between  O3  and  NO  (DeMore  et  al.,  1985), 
brackets  (Q)  denote  concentrations  of  the  species,  and  z  is  the  height  above  the  surface. 
To  evaluate  this  integral  folly,  profiles  of  [NO]  and  [03]  (and  even  temperature,  since  k 
depends  on  temperature)  must  be  known,  while  the  measurements  give  only  two  or  three 
points  near  the  surface.  However,  these  points  are  in  the  atmospheric  layer  that  makes 
the  major  contribution  to  the  integral.  Thus  a  good  approximation  of  NO  emission  may 
be  obtained  from  an  approximate  integration  (Parrish  et  al.,  1987). 

To  effect  the  integration,  an  approximate  analytical  solution  is  fit  to  the 
measurements  of  NO  concentration.  Therefore,  several  approximations  are  necessary, 
(1)  the  transport  of  NO  can  be  adequately  described  by  considering  only  vertical 
turbulent  diffusion;  i.e.,  the  transport  can  be  parameterized  with  a  single  eddy  diffusion 
coefficient,  K,  which  implies  an  isotropic  horizontal  NO  distribution  (Parrish  et  al., 
1987);  (2)  the  ozone  mixing  ratio  and  temperature  are  taken  to  be  constant  with  height, 
and  (3)  K  is  assumed  to  increase  linearly  with  altitude  (Jacobi  and  Andre',  1963).  Parrish 
et  al.  (1987)  assessed  the  validity  of  these  assumptions,  and  concluded  that  (a)  this 
method  is  valid  as  long  as  the  measurements  span  the  height  interval  that  gives  the  major 
contribution  to  the  interval,  and  (b)  the  emission  rate  magnitudes  change  by  less  than 
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30%  over  a  variety  of  different  assumptions  concerning  the  form  used  to  describe  the 
vertical  variation  of  the  eddy  difiusivity. 

During  the  daytime,  the  reconversion  of  NO2  to  NO  by  sunlight  provides  an 
additional  source  of  NO  which  is  distributed  vertically  according  to  the  gradient  of  the 
concentration  of  NO2.  Therefore,  the  gradient  method  for  measuring  NO  emissions  is 
normally  only  applied  to  nighttime  periods.  Additionally,  the  need  for  simultaneous 
measurements  of  NO  and  O3  concentrations  at  several  levels  make  the  determination  of 
NO  emissions  more  unwieldy  and  more  costly  than  the  chamber  method. 

Eddv  Correlation  Technique.  The  mass  flux,  or  more  precisely,  the  mass  flux 
density,  Fc  of  a  substance  of  concentration  c  is  calculated  by  eddy  correlation  as  the 
covariance 

Fc  =  V?  (3) 

where  w  is  the  vertical  wind  velocity,  the  overbar  indicates  a  time  average,  and  the  primes 
indicate  deviations  from  time  averaged  quantities  (means)  (Wesely  and  Hart,  1985).  At 
heights  within  10  m  of  a  very  large,  horizontal  flat  surface  and  in  ideal  conditions 
including  fully  turbulent,  stationary,  horizontally  homogeneous  flow,  the  fluxes  measured 
are  usually  within  1%  of  those  occurring  much  closer  to  the  bulk  surface  (Wesely  and 
Hart,  1985).  However,  there  are  many  considerations  on  the  practical  limitations  of  the 
eddy  correlation  technique.  It  is  a  sophisticated  method  requiring  several  precise 
measuring  instruments  (i.e.,  fast  response  anemometers  to  measure  vertical  wind  speed 
deviations,  fast  response  NO  analyzers  for  [NO]  fluctuations,  etc.)  not  well  suited  for 
routine  operation.  Additionally,  eddy  correlation  flux  measurements  at  night  can  be 
difficult  because  the  speed  of  instrument  response  necessary  to  detect  the  flux-carrying 
eddies  increases  as  the  stability  of  the  air  increases  when  the  surface  is  cooled  (Wesely  et 
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ai.,  1989).  Several  studies  (Kaplan  et  al.,  1988;  Johansson  et  al.,  1988;  Kessel  et  al., 
1992;  Wesely  et  al.,  1989)  have  shown  that  the  results  of  NO  emission  studies  using  each 
of  these  techniques  agree  to  within  30%. 

Experimental 

Sampling  Site 

Flux  measurements  were  made  in  three  general  crop  (non-irrigated)  fields  at  the 
Central  Crops  Field  Laboratory  (~  105  m  MSL)  which  is  owned  by  the  North  Carolina 
Agricultural  Research  Service  and  operated  by  North  Carolina  State  University.  The 
Field  Laboratory  is  located  approximately  10  km  east-southeast  of  Raleigh,  in  the  Upper 
Coastal  Plain  region  of  NC  (Figure  4).  The  dominant  soil  type  in  each  of  the  fields 
sampled  is  Norfolk  sandy  loam  (Fine-Loamy,  Siliceous,  Thermic  Typic  Paleudult;  Daniels 
et  al.,  1984).  Each  field  sampled  contained  a  different  row  crop  (soybean,  cotton,  or 
com)  grown  using  fertilizer  rates  and  management  techniques  representative  of  those 
commonly  used  by  fanners  throughout  the  Coastal  Plain  region  of  the  southeastern 
United  States. 

Soil  Analysis 

Bulk  soil  chemical  properties  from  each  of  the  three  fields  were  obtained  from 
composite  soil  samples  submitted  to  the  State  Soils  Laboratory  of  the  NC  Department  of 
Agriculture  (Table  1).  These  included  humic  matter  content  based  on  a  0.2  M  NaOH 
extraction,  extractable  base  cations  using  a  solution  composed  of  0.2  M  CH3COOH, 
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North  Carolina 


Figure  4.  Map  showing  sampling  site  location  near  Clayton,  North  Carolina. 

0.25  M  NH4NO3,  0.015  M  NH4F,  0.013  M  HNO3,  and  0.001  M  EDTA,  and 
exchangeable  acidity  using  a  buffer  solution.  Effective  cation  exchange  capacity  (ECEC; 
expressed  on  a  volume  basis)  was  obtained  by  summing  extractable  cations  and 
exchangeable  acidity.  Base  saturation  of  the  ECEC  was  determined  by  (ECEC  - 
exchangeable  acidity)  /  ECEC. 

Soil  bulk  density  for  the  0  to  15  cm  depth  (n=10)  was  determined  using  the  core 
method  (345  cm^)  near  each  chamber  sampling  point  in  each  field  (Blake  and  Harge, 
1986).  Total  soil  water  content  and  extractable  NH4+  and  NO3'  (2  M  KCL;  expressed 
on  a  weight  basis)  were  determined  on  composite  soil  samples  collected  using  a  bucket 
auger  (0-20  cm  depth)  at  the  end  of  each  measurement  period.  Total  soil  water  content 
was  calculated  as  (initial  weight  -  oven  dry  (105  °C)  weight)  /  oven  dry  weight.  Nitrate 
and  NH4+  in  the  2  M  KCL  extract  (Keeney  and  Nelson,  1982)  was  determined  using 
standard  autoanalyzer  techniques  (Lachat  Instruments,  1990).  Total  soil  water  content  at 
15  bar  and  0.1  bar  was  determined  from  soil  moisture  release  curves  using  a  pressure 
plate  (Klute,  1986)  and  used  as  estimates  of  "permanent  wilting  point"  and  "field 
capacity",  respectively  (Cassel  and  Nielsen,  1986).  The  average  values  listed  in  Table  1 
are  based  on  numerous  soil  samples  collected  over  the  past  ten  years  at  the  Central  Crops 
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Row  Crop 

Parameter 

Unit- 

Soybean 

Cotton  Com 

pH 

5.7 

6.2 

6.0 

ECEC  (a) 

meq/100  cm3 

2.5 

3.2 

2.7 

Base  Saturation  (b) 

%  (by  volume) 

84 

87 

85 

Acidity 

meq/100  cm3 

0.4 

0.4 

0.4 

Humic  Matter  (c) 

%  (by  volume) 

0.5 

0.5 

0.6 

Bulk  Density 

g/cm3 

1.73  (±0.08)  1.67  (±0.14) 

n.d. 

Water  Content  (d) 

permanent  wilting  point 

%  (by  volume) 

2.8 

2.8 

2.8 

field  capacity 

%  (by  weight) 

10.8 

10.8 

10.8 

N  Application 
(1993  growing  season) 

kg/ha 

21 

84 

173 

(a)  -  sum  of  extractable  base  cations 

(b)  -  sum  of  extractable  base  cations  as  %  of  ECEC 

(c)  -  0.2  M  NaOH  extractable  humic  matter 

(d)  -  D.K.  Kassel,  Dept,  of  Soil  Science,  NC  State  University,  personal  communication 


Table  1.  Physical  and  chemical  soil  parameters  determined  for  each  research  plot.  Soil 
type:  Norfolk  sandy  loam  (Fine-loamy,  Siliceous,  Thermic  Typic  Paleudult). 
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Field  Laboratory  (D.  K.  Cassel,  Department  of  Soil  Science,  North  Carolina  State 
University,  personal  communication).  The  amount  of  N  fertilizer  applied  during  the  1993 
growing  season  is  based  on  records  maintained  by  the  supervisor  of  the  Central  Crops 
Field  Laboratory. 

Planting  and  N  Fertilizer  Management 

Prior  to  planting  in  the  Spring  of  1993,  each  field  received  21  kg  N/ha  as 
ammonium  nitrate  fertilizer.  This  broadcast  application  was  then  disked  in,  prior  to 
preparation  of  planting  beds.  Actual  planting  followed  preparation  of  the  seed  bed  using 
a  ripper-bedder  to  allow  root  penetration  below  a  tillage  pan  that  occurs  at  the  20  to  30 
cm  depth.  Seeds  were  planted  in  the  center  of  each  bed,  with  approximately  1  meter 
spacing  between  beds.  Cotton  and  com  received  two  side  dressings  of  N  fertilizer  during 
the  first  portion  of  the  growing  season.  The  side  dressing  consisted  of  placing  two  bands 
of  fertilizer  on  either  side  of  the  crop  on  top  of  the  beds.  No  additional  N  fertilizer  was 
added  to  the  soybeans  for  the  remainder  of  the  growing  season.  The  total  applied 
ammonium  nitrate  fertilizer  by  crop  was  soybean,  21  kg  N/ha;  cotton,  84  kg  N/ha;  and 
com,  173  kg  N/ha. 

Flux  Measurements 

Nitrogen  oxide  fluxes  were  measured  using  a  dynamic  chamber  technique  from 
five  randomly-selected  plots  (15  m  x  15  m),  within  each  crop  from  August  18  to 
September  1,  1993.  Measurements  were  taken  in  the  center  of  the  interrow  spaces  in  the 
soybean  crop  without  destruction  of  the  surrounding  canopy.  Measurements  in  the 
cotton  and  com  were  taken  on  the  center  of  the  beds  after  removal  of  plants  by  cutting 
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the  stalks  at  the  soil  surface,  with  minimal  disturbance  of  the  surrounding  canopy.  Soil 
temperature  was  monitored  with  a  digital  meter  attached  to  a  probe  buried  (5  cm  depth) 
adjacent  to  the  chamber.  Air  temperature  was  monitored  with  a  temperature  probe 
placed  at  chamber-top  height,  shielded  from  direct  solar  radiation.  Hourly  ambient  O3 
measurements  were  taken  at  the  WRAL  television  transmission  tower  located 
approximately  2  km  west  of  the  Central  Crops  Field  Laboratory, 

Chamber  Design  and  Operation 

The  dynamic  chamber  used  in  this  study  is  an  FEP  Teflon-lined  cylinder  (diameter 
*  27  cm,  height »  42  cm,  and  volume  *  25  L)  held  in  place  by  a  stainless  steel  ring  driven 
into  the  ground  to  a  depth  of  *  5  cm  (Figure  5).  The  chamber  was  placed  in  the  ground 
at  least  10  hours  before  measurements  were  made.  Ambient  air  is  pumped  through  the 
chamber  at  a  constant  flow  rate  (Q  =  9  1  min'1),  and  the  air  in  the  chamber  is  well  mixed 
by  a  motor  driven  Teflon  impeller  («20  cm  diameter,  100  rpm).  Air  samples  were 
collected  after  reaching  steady  state  conditions  (*  30  minutes  of  operation)  at  the  inlet 
and  outlet  ports  of  the  chamber  using  Teflon  bags  (»10  L).  The  collection  period  was 
typically  «  5  minutes.  The  air  samples  in  these  bags  were  then  immediately  analyzed  for 
their  NO  and  N02  concentrations. 
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Figure  5.  A  schematic  of  the  dynamic  flow-through  chamber.  The  walls  and  all  internal 
surfaces  are  fluorinated  ethylene  propylene  (FEP)  Teflon. 

Instrumentation 

Analysis  of  the  NO  concentrations  in  the  air  samples  was  carried  out  using  a 
TECO  42S  (Thermo  Environmental  Instruments  Inc.)  chemiluminescent  high  sensitivity 
NO  analyzer.  This  instrument  utilizes  the  reaction  between  NO  and  reagent  O3  which 
produces  a  chemiluminescense  which  is  detected  by  a  photomultiplier  tube  (PMT).  The 
analyzer  has  an  internal,  gold-coated,  heated  (~  325  °C)  molybdenum  converter. 
Analysis  of  the  NO2  concentrations  in  the  ambient  air  samples  was  carried  out  using  a 
LMA-3  Luminol-bared  NO2  analyzer  (Scintrex  Ltd.).  The  LMA-3  analyzer  operates  by 
detecting  the  chemiluminescense  produced  when  NO2  encounters  a  surface  wetted  with  a 
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specially  formulated  proprietary  solution  (Luminol).  The  monitor  does  not  require  prior 
conversion  of  NO2  to  NO  as  do  other  chemiluminescense  detectors.  The  Luminol 
solution  is  oxidized  producing  chemiluminescense  (<  425  nm)  and  a  PMT  detects  the 
intensity  of  the  light.  The  signal  from  the  PMT  is  directly  proportional  to  the 
concentration  of  NO2.  The  instruments  were  periodically  calibrated  according  to  protocol 
using  a  mixture  of  0. 105  ppm  NO  in  N2  and  a  mixture  of  0. 1 16  ppm  of  NO2  in  N2  (Scott 
Specialty  Gases,  Inc.,  Plumsteadvilie,  PA).  Detection  limits  for  these  instruments  under 
laboratory  conditions  are  dted  at  50  parts  per  trillion  volume  (pptv)  for  NO  (Thermo 
Environmental  Instrument,  Inc.  Model  42S,  1992)  and  «  5  pptv  for  NO2  (LMA-3 
Operators  Manual,  1987).  Additional  detail  concerning  the  instrumentation  are 
described  elsewhere  (Kim  et  al.,  1993;  Dickerson  et  al.,  1984;  Scintrex  Ltd.,  1989). 

Flux  Calculation 


The  mass  balance  for  NO  in  the  chamber  (Kaplan  et  al.,  1988)  is  given  by 


dC  Q  [C]0  JA  L  A[Cjf  Q  [C]f 
dt  1  V  V  }  ^  V  V 


(4) 


where 

A  =  soil  surface  area  covered  by  the  chamber; 
V  =  volume  of  the  chamber, 

Q  =  flow  rate  through  the  chamber, 

J  =  emission  flux; 

C  =  NO  concentration  in  the  chamber; 

[C]o  =  NO  concentration  at  the  inlet  of  chamber; 
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[C]f  =  NO  concentration  at  the  outlet  of  chamber, 

L  =  loss  term  by  chamber  wall  per  unit  area  assumed  first  order  in  [C]; 
R  =  chemical  production/destruction  rate  in  the  chamber. 


For  a  well-mixed  chamber  [C]f  may  be  assumed  to  be  equal  to  the  NO  concentration  in 
the  chamber. 

NO  is  oxidized  rapidly  in  the  ambient  atmosphere.  This  rapid  oxidization  requires 
that  the  calculated  NO  fluxes  be  corrected  for  possible  chemical  reactions  within  the 
chamber.  Generally,  three  oxidants  have  a  major  role  in  the  oxidation  of  atmospheric 
NO.  They  are  O3,  HO2  and  RO2  (Finlayson-Pitts  and  Pitts,  1986).  NO2  flux  (even 
negative  flux)  is  typically  much  lower  than  NO  flux  from  soils  (Slemr  and  Seiler,  1991; 
Johansson  and  Granat,  1984)  and  the  low  ambient  concentrations  of  NO2  at  the 
measurement  site  are  not  expected  to  produce  significant  quantities  of  NO  in  the 
chamber.  Thus,  R  in  equation  (4)  can  be  written  as: 

R  -  -  (  kj[03l  +  k2[H02]  +  k3[R02]  )  [NO]  -  -(  i  k.R.)  C  (5) 

i  =  l 

where  Rj  is  each  reactant  species  and  kj  (=  1.8  x  10"14  cm^ molecules' 1  s"  * ),  k2  (=  8.3  x 
10-12  cm^molecules-ls'l)  and  k3  (=  7.6  x  10'12  cm^ molecules'  1  s'  1 )  are  reaction  rates 
for  O3,  HO2  and  RO2  with  NO,  respectively.  Equation  (4)  becomes: 


where  h  («42  cm)  is  the  height  of  the  chamber.  Solving  equation  (6)  for  the  NO  flux,  J, 
under  steady  state  condition  yields: 
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J  =  1>  {  £(C,  -  C0)  +  (t  +  £k } 

V  “  .  i-1 


(7) 


Surface  O3,  RO2  and  HO2  concentrations  are  necessary  for  the  calculation  of  the 
chemical  loss  term.  RO2  concentrations  have  beat  calculated  at  Scotia,  PA  (Trainer  et 
ai.,  1991),  and  site  SONIA  (Hartseli,  1993);  and  measured  at  site  ROSE,  AL  (Cantrell  et 
al.,  1992).  All  are  similar  in  magnitude.  Maximum  RO2  concentrations  for  the  three 
rural  sites  during  the  high-pressure  period  in  summer  were  on  the  order  of  10^  molecules 
cm'3.  For  site  SONIA,  the  average  noon  time  RO2  concentration  was  calculated  to  be 
about  30  pptv  (7.4  x  103  molecule  cm'3).  HO2  concentrations  are  expected  to  be  ~30 
%  of  RO2  and  average  daytime  O3  concentrations  at  the  WRAL  Tower  were  about  37 
ppbv  (Trainer  et  al.,  1991;  Trainer  et  al.,  1987).  However,  O3,  RO2  and  HO2  are  rapidly 
deposited  on  the  interior  surface  of  the  chamber,  and  the  enclosed  vegetation  and 
exposed  soil.  Near  surface  O3  concentrations  used  for  the  flux  calculation  were  assumed 
to  be  equal  to  the  nighttime  O3  average  («  5  ppbv)  measured  at  the  WRAL  tower. 
Estimates  of  the  near-surface  concentrations  of  RO2  and  HO2  (  approximately  60  %  of 
ambient  levels)  were  based  on  model  projections  (Trainer  et  al.,  1987;  Hartseli,  1993). 

The  loss  of  NO  by  reaction  with  the  Teflon  coated-wall  of  the  chamber  was 
estimated  by  taking  the  difference  between  the  combined  surface  loss  as  proposed  by 
Kaplan  et  al.  (1988)  and  the  chemical  loss  in  the  chamber  as  calculated  by  equation  (2). 
This  approach  calculated  a  wall  loss,  L,  of  0.02  cm  s'1.  The  wall  loss  for  NO2  was 
estimated  as  0.08  cm  s'1. 
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Results 


Site  Characteristics 

N0X  flux  measurements  were  made  in  an  agriculturally-managed  soil  with  three 
different  crops  reflecting  three  different  levels  of  applied  nitrogen  (soybean,  21  kg/ha; 
cotton,  84  kg/ha;  and  com,  173  kg/ha).  A  data  summary  is  given  in  Table  2.  For  the 
soybean  field,  the  soil  water  content  ranged  from  1.80%  to  7.80%  with  an  average  of 
3.49±2.44%.  The  cotton  field  soil  water  content  ranged  from  1.78%  to  3.29%,  for  an 
average  of  2.63±0.74%.  Com  field  moisture  values  were  0.58%  to  1.75%  with  an 
average  of  1.10±0.60%.  There  was  essentially  no  rainfall  during  the  measurement  period 
and  the  three  fields  were  not  irrigated.  The  soybean  and  cotton  crops  survived  because 
their  roots  were  able  to  access  available  water  in  the  subsoil.  The  com  crop,  however, 
had  already  failed  prior  to  the  start  of  our  measurements.  Soil  temperatures  ranged  from 
23.3  to  32.5  °C,  with  an  average  of  25.6±1.4  °C  for  the  soybean  field,  and  27.5±7.5  °C 
for  the  cotton  field. 

NO  Flux 

Figure  6  shows  the  composite  hourly  NO  flux.  Overall  average  NO  flux  rates 
increased  proportionally  to  the  level  of  applied  fertilizer  nitrogen  in  each  of  the  fields. 
For  the  com  field,  KC1  extractable  NH4+  and  NO3'  ranged  from  3  to  19  mg  N  kg-*.  The 
soybean  field  measurements  revealed  an  NO  flux  of  1.79  (range  -1.0  to  6.9)  ng  N  nr2  “1, 
the  cotton  field  average  NO  flux  was  3.77  (range  -0.1  to  38.0)  ng  N  m'2  s"*,  and  the 
com  field  average  NO  flux  was  8.05  (range  -0.5  to  52.8)  ng  N  m‘2  s"*. 
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Crop  Total  Extractable  Air  Carrier 
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Table  2.  Data  summary  for  the  18  Aug  - 1  Sep  1993  measurement  period. 


Figure  6.  Composite  hourly  NO  flux  as  a  function  of  nitrogen  fertilizer  applied  to  each 
crop. 

A  plot  of  the  composite  soil  temperature  vs  NO  flux  for  the  soybean  and  cotton 
crops  is  shown  in  Figure  7.  The  plotted  data  points  were  obtained  by  averaging  over 
equally-spaced  ranges  of  soil  temperature.  An  inverse  exponential  relationship  is 
exhibited  by  the  data,  with  R2  =  0.76  for  both  soybean  and  cotton  (no  com  data). 


Figure  7.  Composite  soil  temperature  vs  NO  flux  as  a  function  of  fertilizer  nitrogen 
applied  to  each  crop. 
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NOj  Flux 


The  composite  hourly  NO2  flux  by  crop  type  is  shown  in  Figure  8.  The  overall 
average  fluxes  were  negative  for  the  soybean  and  cotton  crops,  with  the  soybean  NO2 
flux  averaging  -0.54  ng  N  m'2  s'1;  the  cotton  flux  mean  was  -4.43  ng  N  m'2  s'1.  The 
overall  average  NO2  flux  in  the  com  location  was  6.64  ng  N  m’2  s'1.  Deposition  and 
possible  loss  in  the  chamber  is  indicated  by  the  0800  EST  minima  in  the  NO2  data  from 
all  three  crops.  By  midday,  NO2  flux  approaches  zero  in  both  the  soybean  and  cotton 
locations,  but  approached  an  average  of  ~  10  ng  N  m'2  s'1  in  the  com  location.  We 
currently  have  no  explanation  for  this  com  NO2  flux  signature. 


Figure  8.  Composite  hourly  N02  flux  as  a  function  of  fertilizer  nitrogen  applied  to  each 
crop. 


DISCUSSION 


The  accuracy  of  the  NOx  fluxes  calculated  here  rests  on  the  assumption  that  the 
ozone  concentration  in  the  ambient  air  used  as  the  carrier  gas  in  the  chamber  is 
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adequately  represented  by  the  near  surface  nighttime  average  measured  at  another  rural 
site  in  North  Carolina  (Kim  et  al.,  1994).  Additionally,  the  presence  of  the  chamber  itself) 
while  shielded  by  the  crop  canopy  in  most  cases,  could  result  in  elevated  temperatures 
inside  the  chamber.  This  in  turn  could  influence  soil  NO  flux.  However,  since  the  flux 
equation  used  accounts  for  loss  due  to  reactions  within  the  chamber,  as  well  as  wall 
losses,  and  assumes  steady  state  conditions  exist  in  the  chamber  at  the  time  of 
measurement,  the  resulting  calculated  flux  values  are  conservative  in  nature  and  biased 
low  (underestimated)  if  any  of  the  above  assumptions  are  incorrect. 

The  composite  hourly  NO  flux  signature  evident  in  these  results  mirror 
observations  of  other  field  measurements  (Shepherd  et  al.,  1991;  Valente  and  Thornton, 
1993;  Kim  et  al.,  1994),  with  the  morning  peak,  and  later  leveling-off  to  a  relatively 
constant  value.  The  morning  peak  in  NO  flux  for  this  data  occurred  earlier  in  the  day 
than  normal,  most  likely  evidence  of  the  extreme  moisture  stress  present  on  the  soil 
microbes  (Anderson  and  Levine,  1987).  The  mechanism  responsible  for  the  existence  of 
the  peak  itself  is  still  unclear.  One  possible  explanation  is  that  the  roots  of  the  plants 
exude  organic  substances  during  the  morning  hours  just  after  sunrise.  These  compounds 
are  then  utilized  by  denitrifying  bacteria  which  reduce  NO3'  and,  subsequently,  NO  will  be 
produced  more  rapidly  than  predicted  by  the  soil  temperature  (Johansson  and  Granat, 
1984).  As  this  exudate  is  consumed,  the  NO  flux  decreases. 

The  negative  exponential  relationship  observed  between  soil  temperature  and  NO 
flux  (Figure  7)  suggests  the  presence  of  extreme  moisture  stress  on  the  soil  microbes 
responsible  for  NO  production  (Anderson  and  Levine,  1987).  Wiliams  et  al.  (1987) 
reported  significantly  reduced  NO  emissions  when  the  soil  moisture  level  is  reduced 
below  about  10%.  Moisture  values  ranged  from  0.58  to  3.49  %  during  these 
experiments. 
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NO  is  rapidly  oxidized  to  NO2  by  reaction  with  O3  in  the  atmosphere,  especially 
during  the  night.  Therefore,  significant  concentrations  of  NO  and  O3  are  usually  not 
found  in  the  same  air  mass.  Additionally,  O3  does  not  accumulate  during  a 
photochemical  air  pollution  episode  until  the  NO  concentration  has  fallen  to  low  values 
(Findlayson-Pitts  and  Pitts  1986).  A  negative  correlation  was  observed  between  NO  flux 
and  ambient  O3  concentrations  in  all  three  crop  fields  (R2=0.34  for  soybeans,  0.31  for 
cotton  and  0.71  for  com.  Figure  9).  O3  regulates  the  ambient  NO  concentration  and 
ambient  NO  concentration  is  related  to  NO  flux  through  the  NO  compensation  point 
(Slemr  and  Seiler,  1991;  Kim  et  al.  1994).  For  this  reason,  NO  flux  from  soil  may  also  be 
negatively  correlated  with  ambient  O3  concentration.  Moreover,  these  results  suggest 
that  NO  emission  from  the  soils  increases  ambient  NO  concentrations  (Figure  10). 


Figure  9.  Composite  ambient  ozone  concentration  vs  NO  flux  as  a  function  of  fertilizer 
nitrogen  applied  to  each  crop. 
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Figure  10.  Composite  surface  NO  concentration  vs  NO  flux  as  a  function  of  fertilizer 
nitrogen  applied  to  each  crop. 


These  preliminary  results  suggest  that  the  flux  of  NO  from  agricultural  soil  appears 
to  be  substantially  larger  than  those  from  a  North  Carolina  non-agricultural  soil  (average 
1.79  ng  N  nr2  s’1,  Kim  et  al.,  1994)  during  summer.  NO  flux  increased  with  increased 
application  of  N  fertilizer.  Further  research  needs  to  be  done  concerning  on-going 
reactions  possibly  existing  in  the  chamber,  preferably  in  lower  ozone  conditions  with 
adequate  soil  moisture.  Nevertheless,  these  preliminary  data  seem  to  call  into  question 
current  methodologies  for  managed  agricultural  practices  for  their  role  in  subsequent 
ambient  air  quality. 
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SECTION  H  NITROGEN  OXIDE  FLUXES  FROM  AGRICULTURAL  SOILS 
DURING  WINTER  FALLOW  IN  THE  UPPER  COASTAL  PLAIN  OF  NORTH 
CAROLINA 

Abstract 

The  fluxes  of  NO  and  NOjfrom  a  Mow  field  to  the  atmosphere  were  measured.  Two 
identical  chambers  were  used,  with  ambient  air  as  the  carrier  gas  in  one,  and  nitrogen  as 
the  carrier  gas  in  the  other.  In  laboratory  experiments,  the  use  of  nitrogen  carrier  gas 
significantly  increased  NO  fluxes  from  soil  samples;  nitrogen  carrier  gas  was  used  in  these 
field  measurements  to  assess  the  possible  NO  flux  potential  (a  theoretical  upper  limit  of 
NO  flux  possible)  of  the  soil.  Overall  average  NO  flux  rates  increased  proportionally  to 
caibon/nitrogen  ratio  of  the  plant  residue  plowed  back  into  the  soil  at  the  end  of  the 
previous  growing  season.  The  soybean,  cotton  and  com  field  measurements  revealed  an 
average  NO  flux  of  10.23  (range  -10.77  to  133.06)  ng-N  nr2  s'1;  5.07  (range  -11.71  to 
109.55)  ng-N  m"2  s"1;  and  3.68  (range  -17.51  to  40.39)  ng-N  nr2  s-1  respectively,  using 
the  ambient  air  carrier  gas.  The  winter  measurements  suggest  that  significant  fluxes  are 
generated  during  Mow  periods  when  the  plant  residue  is  mixed  back  into  the  soil,  a 
common  agricultural  practice. 
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Introduction 


The  major  source  of  NOx  (NO  +  NO2)  in  the  atmosphere  is  fossil  fuel  combustion 
(Logan,  1983).  However,  recent  studies  indicate  that  biogenic  emissions  of  NOx 
(predominately  NO)  may  also  represent  a  significant  source  (Williams  and  Fehsenfeld, 
1991).  Measurements  of  soil  flux  of  NOx  sh°w  that  in  some  cases,  comparable  emission 
rates  exist  between  anthropogenic  emissions  in  urban  areas  and  agricultural  areas 
(Williams  et  al.,  1988;  Williams  et  al.,  1992).  Understanding  and  quantifying  soil 
emissions  ofNOx  is  of  importance  in  understanding  the  formation  of  tropospheric  ozone. 
This  is  particularly  true  in  rural  areas  where  man-made  sources  of  NOx  are  often  minimal 
and  ozone  production  may  be  dependent  upon  biogenic  sources  of  NOx  (Valente  and 
Thornton,  1993). 

General  circulation  models  have  been  used  to  predict  the  distributions  of 
tropospheric  NOx  and  ozone  (Penner  et  al.,  1991),  but  correctness  of  the  source  areas  is 
uncertain  due  to  large  spatial  and  temporal  variation  in  soil  NOx  efflux  (Davidson  et  al., 
1991).  Attempts  to  correlate  soil  NOx  emissions  with  soil  parameters  in  order  to 
improve  the  predictability  of  soil  NOx  efflux  have  produced  mixed  results.  Some  studies 
(Johansson  and  Granat,  1984;  Williams  et  al.,  1987,  1988)  show  strong  correlation 
between  NOx  emissions  and  soil  temperature.  However,  similar  correlation  analysis  of 
soil  temperature,  soil  chemistry,  and  soil  NOx  emissions  by  other  researchers  have  not 
indicated  a  relationship  (Anderson  and  Levine,  1987;  Slemr  and  Seiler,  1991;  Johansson 
et  al.,  1988). 

Relatively  few  measurements  of  emissions  of  soil  NOx  have  been  made  in  the 
southeast  United  States,  except  for  Williams  and  Fehsenfeld  (1991)  and  Valente  and 
Thornton  (1993)  in  Tennessee,  Kim  et  al.  (1994)  and  Aneja  et  al.,  (1994)  in  North 
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Carolina.  A  further  understanding  of  the  importance  of  biogenic  NOx  emissions  in  the 
foimation  of  ozone  in  this  region  is  needed  since  approximately  40%  of  the  ozone  non¬ 
attainment  areas  in  the  United  States  are  found  in  the  Southeast  (Lindsay  et  al.,  1989) 
and  rural  summertime  ozone  concentrations  are  among  the  highest  recorded  in  the  US 
(Pinkerton  and  Lefohn,  1988).  Additionally,  Valente  and  Thornton  (1993)  suggested 
that  soils  may  be  emitting  about  60%  as  much  NOx  as  from  all  the  utilities  in  the  state  of 
Tennessee  during  the  summer  months.  The  National  Add  Precipitation  Assessment 
Program  (NAPAP)  1985  (Placet  et  al.,  1990)  has  estimated  that  11%  of  total  NOx 
emissions  comes  from  natural  sources.  However,  Valente  and  Thornton  (1993)  found 
soil  NOx  emissions  equalling  19.1%  of  the  summertime  total  NOx  emissions  estimate. 

In  this  paper  we  present  preliminary  soil  NOx  measurements  made  in  late 
Winter/early  Spring  1994,  herein  referred  to  as  winter,  in  the  Upper  Coastal  Plain  of 
North  Carolina,  and  also  some  preliminary  observations  concerning  process-based 
mechanisms  controlling  NOx  emission.  The  objectives  are  to  assess  the  impact  of  crop 
residue  and  past  fertilizer  application  rates  on  soil  NOx  emissions.  During  the  winter 
season,  ambient  ozone  is  comparatively  low,  moisture  is  more  abundant,  and  soil 
temperatures  are  moderate.  These  conditions  provide  a  good  opportunity  to  test  the 
continuously-stirred  tank  reactor  (CSTR)  chamber  method  under  low  ozone  conditions. 
To  assess  the  NOx  flux  potential  of  the  soil,  we  simultaneously  made  NOx  flux 
measurements  in  a  co-located  chamber  using  nitrogen  as  the  carrier  gas.  This  data  will  be 
incorporated  in  an  inventory  of  biogenic  NOx  to  be  used  in  modeling  ozone  distribution 
throughout  the  Coastal  Plains  physiographic  region  of  the  Southeastern  United  States. 
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Measurement  technique 


Chamber  Design  and  Operation 

The  soil  NOx  measurements  were  performed  using  the  dynamic  chamber  technique 
outlined  in  section  H  For  the  winter  measurements,  two  identical  chambers  were  placed 
within  »  20  cm  of  each  other.  The  first  chamber  utilized  ambient  air  as  the  carrier  gas. 
Prepurified  nitrogen  was  utilized  as  the  carrier  gas  in  the  second  chamber,  with  all  other 
conditions  and  sampling  techniques  remaining  constant.  Hourly  samples  were  taken  in 
FEP  Teflon  bags  from  each  chamber  simultaneously.  Published  results  from  laboratory 
studies  (Lipschultz  et  al.,  1981;  Johansson  and  Granat,  1984)  have  shown  that  NO  flux 
from  soil  in  the  presence  of  a  nitrogen  atmosphere  can  increase  by  several  orders  of 
magnitude.  We  decided  to  use  this  observation  in  an  attempt  to  measure  the  NO  flux 
potential  of  each  field.  We  define  NO  potential  as  the  upper  limit  of  NO  flux  possible 
from  a  field  for  the  given  soil  water  content,  soil  temperature,  and  available  nitrogen  that 
exist  at  the  time  of  sampling.  Use  of  nitrogen  as  the  carrier  gas  offers  the  additional 
advantage  of  eliminating  any  secondary  reactions  within  the  chamber. 

Instrumentation 

Analysis  of  the  NO  and  NO2  concentrations  in  the  air  and  nitrogen  samples  was 
carried  out  using  a  TECO  42S  chemiluminescent  high  sensitivity  NO  analyzer  (Thermo 
Environmental  Instruments  Inc.),  and  a  LMA-3  Luminol  based  NO2  analyzer  (Scintrex 
Ltd.)  as  discussed  in  section  n.  These  samples  were  analyzed  within  3  minutes  of  each 
other. 
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Flux  Calculation 


Fluxes  of  NO  and  NO2  were  calculated  using  a  mass  balance  equation  that  also 
accounted  for  reactions  within  the  chamber  (in  the  ambient  air  carrier).  Details  and 
theory  behind  this  flux  equation  are  discussed  in  Section  n. 

Sampling  Site 

Flux  measurements  in  the  winter  experiments  were  made  in  the  same  three  general 
crop  (non-irrigated)  fields  at  the  Central  Crops  Research  Station  (105  m  MSL)  described 
in  Section  II.  Prior  to  planting  in  the  Spring  of  1993,  each  field  received  21  kg  N/ha  as 
ammonium  nitrate  fertilizer.  This  broadcast  application  was  then  disked  in,  prior  to 
preparation  of  planting  beds.  Actual  planting  followed  preparation  of  the  seed  bed  using 
a  ripper-bedder  to  allow  root  penetration  below  a  tillage  pan  that  occurs  at  the  20  to  30 
cm  depth.  Seeds  were  planted  in  the  center  of  each  bed,  with  approximately  1  meter 
spacing  between  beds.  Cotton  and  com  received  two  side  dressings  of  N  fertilizer  during 
the  first  portion  of  the  growing  season.  The  side  dressing  consisted  of  placing  two  bands 
of  fertilizer  on  either  side  of  the  crop  on  top  of  the  beds.  No  additional  N  fertilizer  was 
added  to  the  soybeans  for  the  remainder  of  the  growing  season. 

Following  harvesting  in  the  Fall  of  1993,  the  crop  stubble  was  leveled  using  a 
mower  and  the  residue  disked  into  the  surface  soil.  Winter  wheat  was  planted  as  the 
cover  crop,  and  was  approximately  5  cm  in  height  during  the  sampling  period. 
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Soil  Analysis 


Total  soil  water  content  and  extractable  ammonium  (NH/)  and  nitrate  (NCV)  (2 
M  KC1;  expressed  on  a  weight  baas)  were  determined  on  composite  soil  samples 
collected  from  the  center  of  the  chamber  placement  footprint  using  a  bucket  auger  (0-20 
cm  depth)  at  the  end  of  each  measurement  period.  Total  soil  water  content  was 
calculated  as  (initial  weight  -  oven  dry  (105  °C)  weight)  /  oven  dry  weight.  Nitrate  and 
ammonium  in  the  2  M  KCL  extract  (Keeney  and  Nelson,  1982)  was  determined  using 
standard  autoanalyzer  techniques  (Lachat  Instruments,  1990).  Soil  temperature  was 
measured  using  a  thermocouple  probe  inserted  approximately  5  cm  into  the  soil  adjacent 
to  the  chamber.  Air  temperature  was  measured  by  inserting  a  probe  into  the  chamber 
outlet  immediately  after  removing  the  sample  bag. 

flux  Measurements 

The  three  sampled  crop  fields  were  divided  into  15  randomly-selected  plots, 
approximately  15  m  by  15  m.  Samples  were  taken  from  five  of  these  plots.  The 
chambers  were  placed  in  the  center  of  the  plot  enclosing  the  cover  crop.  Simultaneous 
measurements  of  NO  and  NO2  were  taken  from  February  7  to  March  23,  1994,  normally 
from  0600  until  2000  EST.  One  24  hour  experiment  in  each  crop  location  was 
conducted  to  discern  the  diurnal  profile  of  NOx  flux. 
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RESULTS 


Soil  water  contents  were  much  higher  during  the  winter  measurements  than  during 
the  summer  experiment  (Section  I,  Table  2),  with  the  percent  water-filled  pore  space 
(%WFPS)  in  the  optimum  range  for  NO  production  (Davidson,  1991).  The  %WFPS 
averages  were  47.2±3 .2  in  the  soybean  field,  54.9±6. 1  in  the  cotton  field,  and  34. 1±7.2  in 
the  corn  field.  Total  extractable  nitrogen  was  relatively  constant,  averaging  4.1310.92 
mg-N/kg  in  the  soybean  location,  6.49±3.42  mg-N/kg  in  the  cotton  location,  and  4.54± 
0.41  mg-N/kg  in  the  com  location. 


NO  Flux 


Ambient  air  as  the  carrier  gas.  Figure  1  shows  the  composite  hourly  NO  flux  by  previous 
crop  for  the  winter  measurement  period. 


Figure  1.  Composite  hourly  NO  flux  as  a  function  of  prior  crop  residue  incorporated  into 
the  soil  after  harvest  in  1993,  using  ambient  air  as  the  carrier  gas. 
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The  features  evident  in  the  summer  measurements  (Section  1,  Figure  6)  are 
duplicated  in  this  chart:  an  early  morning  peak  in  NO  flux,  followed  by  a  decrease  to 
near  zero  flux  in  the  late  afternoon  and  early  evening  hours.  The  largest  peak  in  NO  flux 
is  associated  with  the  soybean  and  cotton  residue,  but  no  peak  is  observed  for  the  com 
residue.  The  peaks  in  NO  flux  during  the  evening  hours  for  the  soybean  residue  was 
observed  during  the  diurnal  profile  measurement,  and  represent  only  one  data  point. 
However,  we  don't  believe  these  values  are  anomalies,  since  the  adjacent  points  reflect 
the  trend.  We  currently  have  no  explanation  for  their  peaks’  existence.  NO  flux 
averaged  10.2±20.1  (range  -10.8  to  133.1)  ng  N  s’*  in  the  soybean  location,  5.1±12. 
6  (range  -11.7  to  109.6)  ng  N  m"2  s'*  in  the  cotton  location,  and  3.7±6.0  (range  -17.5  to 
40.4)  ng  N  m'2  s'*  in  the  com  location  (Table  1).  Fourteen  of  245  (5.7%)  data  points 
suggested  NO  deposition. 

The  relationship  between  composite  soil  temperature  and  NO  flux  for  the  winter 
measurements  (data  points  averaged  over  equally-spaced  temperature  bands)  is  less  clear 
than  that  observed  in  the  summer  data  (Section  I  Figure  7).  In  the  presence  of  ambient 
air,  soil  NO  flux  decreased  exponentially  with  increasing  soil  temperature  for  both 
soybean  (r2=0.74)  and  cotton  (R^=0.74)  (Figure  2),  suggesting  an  NO  emission 
precursor  becoming  limiting  with  increased  temperature. 
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Figure  2.  Composite  soil  temperature  vs  NO  flux  as  a  function  of  prior  crop  residue 
incorporated  into  the  soil  after  harvest  in  1993,  using  ambient  air  as  the  carrier  gas. 

The  com  data  exhibits  a  more  complex  relationship.  Fitting  an  exponential  curve 
to  the  overall  com  trend  returns  an  R2  of  only  0.03.  This  suggests  the  possible  presence 
of  another  process  confounding  the  NO  emission/soil  temperature  relationship  in  the  com 
location. 

Nitrogen  as  the  carrier  gas.  To  test  the  hypothesis  of  the  NO  flux  potential,  we  used 
nitrogen  as  the  carrier  gas  in  a  second  chamber  adjacent  to  the  ambient  air  chamber.  The 
ambient  air  and  nitrogen  chambers  were  sampled  simultaneously.  These  samples  were 
then  analyzed  within  three  minutes  of  each  other.  The  composite  hourly  NO  flux  as  a 
function  of  the  previous  crop  is  shown  in  Figure  3. 


Figure  3.  Composite  hourly  NO  flux  as  a  function  of  prior  crop  residue  incorporated  into 
the  soil  after  harvest  in  1993,  using  nitrogen  as  the  carrier  gas. 

There  is  a  substantial  difference  in  the  temporal  signature  and  overall  flux  values 
when  compared  to  Figure  1.  The  com  residue  now  reveals  an  early  morning  peak  in  NO 
flux,  with  a  rapid  decrease  to  near  zero  flux  by  midday.  The  soybean  residue  NO  flux 
signature  shows  a  steady  increase  until  mid-afternoon,  declining  to  a  mean  of 
approximately  10  ng  N  m s"*.  The  cotton  residue  NO  emissions  also  depart  from  the 
earlier  pattern,  with  a  morning  increase,  leveling  to  roughly  5  ng  N  m'2  s'*  during  the 
afternoon  and  evening  hours. 

An  analysis  of  the  composite  soil  temperature  versus  NO  flux  with  nitrogen  as  the 
carrier  gas  (Figure  4)  suggests  the  interaction  of  the  C/N  ratio  of  the  crop  residue  with 
temperature.  Here  the  soybean  residue  (C/N  -15:1)  produced  an  exponentially 
increasing  NO  flux  with  increasing  soil  temperature  (R2=0.76),  suggesting  that  nitrogen 
was  not  limiting  in  this  instance.  As  soil  temperature  increased,  microbial  activity  and 
subsequent  nitrification  increased  as  well,  producing  larger  NO  emissions.  The  cotton 
data  shows  no  clear  trend  (R2=0.05),  possibly  reflecting  the  comparability  of  the  cotton 
C/N  ratio  (-32:1)  to  the  break-even  value  separating  nitrogen  immobilization  from 
nitrification.  Fitting  the  exponential  model  to  the  overall  com  data  returns  an  R2  of  0.25, 
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with  a  slight  negative  trend.  Since  com  residue  has  a  C/N  ratio  well  into  the  nitrogen 
immobilization  range  (-50:1),  an  increase  in  soil  temperature  and  subsequent  microbial 
activity  may  reduce  the  nitrogen  available  for  nitrification,  decreasing  NO  emissions. 
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Figure  4.  Composite  soil  temperature  vs  NO  flux  as  a  function  of  prior  crop  residue 
incorporated  into  the  soil  after  harvest  in  1993,  using  nitrogen  as  the  carrier  gas. 


NO2  Flux 


Figure  5  shows  the  composite  hourly  NO2  flux  by  crop  for  the  ambient  air 
measurements.  Except  for  the  peak  values  in  the  soybean  diurnal  experiment,  deposition 
was  normally  observed  in  the  ambient  air  carrier  data  (202/245  =  82.4%). 
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Figure  5.  Composite  hourly  NO2  flux  as  a  function  of  prior  crop  residue  incorporated 
into  the  soil  after  harvest  in  1993,  using  ambient  air  as  the  carrier  gas. 

Figure  6  shows  the  composite  hourly  NO2  flux  by  crop  for  the  nitrogen  carrier 
experiments.  While  much  smaller  than  the  NO  flux,  NO2  emission  is  evident  in  this  case 
(averaging  less  than  1  ng  N  m*2  s*1),  with  the  late  night  peak  of  NO2  emission  over  the 
soybean  field  revealed  here  in  the  nitrogen  carrier  experiments  also  evident  in  the  adjacent 
ambient  air  carrier  measurements.  In  this  preliminary  analysis,  we  have  not  yet 
investigated  the  mechanism(s)  responsible  for  this  late-night  peak.  This  NO2  emission 
signature  is  in  contrast  to  other  findings  in  the  literature,  where  NO2  deposition  is  usually 
reported. 
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Figure  6.  Composite  hourly  NO2  flux  as  a  function  of  prior  crop  residue  incorporated  into 
the  soil  after  harvest  in  1993,  using  nitrogen  as  the  carrier  gas. 

DISCUSSION 

February  and  March  are  not  considered  to  be  high  ozone  months  in  North 
Carolina;  so  ozone,  in  the  ambient  air  carrier  experiments,  should  have  been  less  a 
confounding  factor.  The  calculated  fluxes  should  therefore  be  representative  of  the  NO 
flux  from  the  surface  of  the  field.  The  similar  NO  flux  signatures  apparent  in  both  the 
summer  and  winter  ambient  air  measurements  give  confidence  in  both  our  measurement 
technique  and  flux  determinations. 

The  ambient  air  carrier  composite  NO  flux  temporal  signatures  suggest  the  effect 
of  available  nitrogen  and  soil  temperature  on  microbial  biomass,  with  the  soybean  flux 
values  often  exceeding  those  of  both  cotton  and  com.  The  nitrogen  carrier  NO  flux 
signatures  provide  stronger  evidence  for  this  hypothesis. 

During  this  fallow  agricultural-management  phase,  all  the  original  nitrogen  from 
the  previous  fertilizer  application  has  been  leached  from  the  soil;  the  main  source  of 
available  nitrogen  to  support  soil  microbial  growth  is  that  associated  with  the  crop 
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residue  plowed  back  into  the  soil.  The  crop  residue  is  mineralized  by  the  sod  microbes, 
i.e.  decomposed  and  inorganic  ions  released.  The  first  step  of  mineralization  is 
ammonification  (release  of  ammonium  ions).  These  ammonium  ions  are  then  available  for 
nitrification.  These  microbes  can  also  immobilize  the  ammonium  ions  by  incorporating 
them  into  their  body  tissue.  The  principal  factor  that  determines  which  process  occurs  is 
the  carbon-to-nitrogen  (C/N)  ratio  of  the  residue  being  decomposed  (Troeh  and 
Thompson,  1993).  Microbes  use  carbon  both  for  building  body  tissue  and  as  an  energy 
source.  Nitrogen  is  required  when  carbon  is  incorporated  into  body  tissue.  The  break¬ 
even  point  for  decomposing  organic  materials  in  a  few  weeks  time  is  a  C/N  ratio  of  about 
32:1,  approximately  that  of  the  cotton  residue.  Wider  ratios  cause  some  soil  nitrogen  to 
be  immobilized,  and  narrower  ratios  permit  nitrification  (and  therefore  NO  emission)  to 
occur  as  the  organic  matter  decomposes  (Troeh  and  Thompson,  1993).  The  soybean 
residue  has  a  carbon-to-nitrogen  (C/N)  ratio  of  about  15:1,  so  ample  nitrogen  is  available 
for  production  of  NO  by  nitrification/denitrification.  In  contrast,  the  cotton  and  com 
residue  have  a  C/N  ratio  at  least  twice  that  of  the  soybean  residue,  therefore  there's 
relatively  little  nitrogen  (as  ammonium  ions)  available  for  mineralization  and  subsequent 
NO  production  (Figure  7).  As  the  soil  warms  up,  soil  microbial  activity  and  subsequent 
demand  for  nitrogen  increases.  Therefore,  if  high  C/N  plant  residue  is  the  main  source  of 
available  nitrogen,  the  amount  of  nitrogen  available  for  nitrification/denitrification 
decreases.  However,  in  low  C/N  plant  residue  fields,  such  as  soybean,  and  to  a  lesser 
extent  cotton,  this  increased  microbial  activity  will  foster  increased  nitrification  over 
immobilization,  resulting  in  larger  NO  emissions.  The  nitrogen  carrier-based  soybean  (and 
cotton  to  a  lesser  degree)  time-averaged  flux  levels  mimic  the  diurnal  soil  temperature 
pattern.  With  soil  moisture  sufficient  for  nitrification,  and  adequate  nitrogen  available 
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from  the  residue  for  both  immobilization  and  nitrification,  the  NO  production  may  be 
driven  by  soil  temperature,  and  would  exhibit  the  trend  shown  here. 

The  mechanism  by  which  NO  release  is  enhanced  when  N2  is  used  as  the  carrier 
gas  is  not  well  understood.  One  possibility  is  the  use  of  a  nitrogen  carrier  interferes  with 
nitrogen  immobilization,  shifting  the  microbial  activity  toward  ammonifi  cation, 
nitrification  and  subsequent  NO  emission.  The  nitrogen  carrier  gas  may  also  interrupt  the 
nitrification  process  before  complete  conversion  to  nitrate,  allowing  NO  to  escape. 
Johansson  and  Galbally  (1984)  found  increased  NO  emissions  at  decreased  partial 
pressures  of  02  in  a  laboratory  experiment  using  a  pure  nitrogen  atmosphere. 


Figure  7.  A  schematic  diagram  showing  the  effect  of  C/N  ratio  on  immobilization  or 
mineralization  of  nitrogen.  The  time  scale  at  the  bottom  indicates  how  much  warm 
weather  is  needed  for  residue  decomposition  to  begin  releasing  nitrogen.  (Troeh  and 
Thompson,  1993) 


Another  parameter  that  confounds  the  relationship  of  soil  temperature  to  NO 
emission  is  soil  moisture.  While  Williams  et  al.  (1987)  found  a  strong  correlation 
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between  soil  temperature  and  soil  NO  emissions,  they  also  found  that  soil  NO  emissions 
were  significantly  reduced  when  the  soil  moisture  level  is  reduced  below  10%.  Anderson 
et  al.  (1988)  and  Johansson  et  al.  (1988)  observed  (in  grassland/savannah  sites)  a 
decrease  in  NO  release  rates  at  temperatures  greater  than  about  35  °C.  The  location  of 
this  NO  emission  maximum  also  depends  on  soil  moisture  and  nutrient  levels  (Williams 
and  Fehsenfeld,  1991).  As  in  the  atmosphere,  soil  moisture  and  soil  temperature  are 
often  inversely  correlated,  allowing  one  factor  to  possibly  offset  or  dominate  the  other. 
When  the  soil  is  moist  and  the  soil  temperature  is  moderate,  flux  of  NO  often  exhibits  the 
exponential  relationship  with  soil  temperature  described  by  Williams  et  al.  (1987). 
However,  when  the  soil  temperature  and/or  soil  moisture  content  is  not  optimal  for 
biogenic  processes,  the  relationship  between  these  two  parameters  is  less  well-defined. 
When  the  soil  moisture  is  low,  the  soil  microbes  thought  responsible  for  NO  production 
can  become  stressed,  using  the  available  moisture  for  survival  rather  than  mineralization. 
As  the  soil  moisture  increases  to  the  soils'  maximum  capacity,  the  dominant  production 
method  for  NO  switches  from  nitrification  to  denitrification,  a  much  less  prolific 
production  mechanism.  Additionally,  under  moderately  wet  conditions,  more  of  the  NO 
produced  is  consumed  before  escaping  the  soil.  At  %WFPS  greater  than  approximately 
70%,  NO  emission  ceases  (Davidson,  1991). 

SUMMARY 

In  the  Winter/Spring  1994  measurements,  the  average  NO  flux  levels  varied  with 
the  C/N  ratio,  i.e.  soybean  >  cotton  >  com  for  the  ambient  air  carrier  measurements,  and 
soybean  >  com  >  cotton  for  the  nitrogen  carrier  measurements.  The  NO  fluxes  measured 
using  the  nitrogen  carrier  were  not  significantly  larger  than  those  measured  in  the  ambient 
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air  carrier  experiment.  Therefore,  other  processes  probably  exist  in  field  experiments  not 
duplicated  in  the  laboratory  experiments  of  Johansson  and  Galbally  (1984).  However,  the 
use  of  the  N2  carrier  did  clarify  the  possible  role  of  the  C/N  ratio  in  plant  residue  in 
subsequent  NO  emissions. 

These  measurements  suggest  that  significant  fluxes  are  generated  during  fallow 
periods  when  relatively  low  C/N  ratio  plant  residue  is  mixed  back  into  the  soil,  a  common 
agricultural  practice.  This  is  supported  by  data  reported  by  Slemr  and  Seiler  (1984).  In 
their  experiments,  they  measured  NO  flux  over  a  plant-covered  (grass,  clover  and 
dandelion)  soil,  and  then  cut  the  plants  and  mixed  the  residue  back  into  the  soil.  The 
resulting  NO  emissions  from  the  soil  mixed  with  plants  was  approximately  seven  times 
larger  than  that  from  the  plant-covered  location. 

These  results  demonstrate  that  emission  of  NO  from  soils  can  be  an  important 
source  of  atmospheric  NO  concentration  in  the  rural  Southeastern  US.  We  are  currently 
developing  a  comprehensive  characterization  of  NO  flux  from  soils  in  the  southeast  US 
over  several  different  soil  types  and  agricultural  management  practices.  Regardless,  these 
preliminary  results  suggest  agricultural  management  practices  must  be  accounted  for 
when  assessing  the  factors  affecting  ambient  air  quality. 
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SECTION  DDL  A  GRAPHICAL  VISUALIZATION  OF  THE  SPATIAL 
DISTRIBUTION  OF  ESTIMATED  NITRIC  OXIDE  FLUXES  FROM 
AGRICULTURAL  SOILS  IN  NORTH  CAROLINA  WITH  A  COMPARISON  TO 
LITERATURE  VALUES 

Abstract 

Using  the  assumption  that  the  NO  fluxes  described  in  the  preceding  two  sections 
are  representative  of  those  across  North  Carolina,  these  fluxes  were  used  to  develop 
graphical  displays  of  the  spatial  distribution  of  soil  NO  emissions  in  the  state.  The 
visualizations  have  a  county  spatial  resolution.  Visualizations  were  developed  for  each 
crop  type,  during  both  measurement  periods,  using  the  ambient  air  based  NO  flux  values. 
These  NO  emission  estimates  were  compared  to  other  values  in  the  literature, 
(normalized  to  NC  crop  acreage).  Estimates  of  the  soil  emission  of  NO  as  a  percentage 
of  total  (all  sources)  NO  emission  in  the  state  were  compared  to  the  current  input  values 
used  in  the  Regional  Oxidants  Model 
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INTRODUCTION 


The  research  described  in  the  preceding  sections  provide  an  indication  of  the 
temporal  variability  of  soil  emissions  of  NO.  Using  the  assumptions  that  these  NO  fluxes 
are  representative  of  those  across  all  soil  types,  environmental  conditions  and  fertilizer 
application  rates  throughout  North  Carolina  during  the  late  Spring  1993  and  late 
Winter/early  Spring  1994  measurement  periods,  these  fluxes  were  used  to  develop  a 
graphical  representation  of  the  spatial  distribution  of  soil  NO  emissions.  The 
visualizations  have  a  county  spatial  resolution.  Spatial  distributions  were  developed  for 
each  crop  type,  during  both  measurement  periods,  using  the  ambient  air  based  NO  flux 
values.  These  emissions  estimates  were  then  compared  to  other  yearly  averages  in  the 
literature  (normalized  to  both  North  Carolina  crop  acreages  and  North  Carolina  total  land 
area.)  Finally,  these  estimates  were  compared  to  the  current  inputs  to  the  Regional 
Oxidants  Model  (ROM)  used  to  predict  ambient  ozone  concentrations  in  the  state. 

Calculations 

The  flux  of  a  species  c  is  defined  as  the  mass  of  c  emitted  from  a  unit  area  during  a 
unit  time  interval;  for  the  data  presented  here  the  unit'  are  ng  N  in 2  s'1.  To  general  the 
following  inventories,  the  overall  average  NO  flux  values  for  each  crop  in  each  season 
(soybean/summer  =  1.8  ng  N  m-2  s“*,  soybean/winter  =  10.2  ng  N  m*2  s"*  , 
cotton/summer  =  3.8  ng  N  nr2  s*l,  cotton/winter  =  5.1  ng  N  m“2  s“l,  com/summer  = 
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8.1  ng  N  m'2  $-1,  corn/winter  =  3.7  ng  N  m*2  s‘l)  were  converted  to  units  of  kg  N/acre- 
year.  These  converted  NO  flux  values  were  then  multiplied  by  the  corresponding  crop 
acreage  for  each  county  in  NC  (1993  North  Carolina  Agricultural  Statistics)  to  obtain  the 
kg/year  of  nitrogen  (as  NO)  emitted  in  that  county  for  each  combination  of  season  and 
carrier  gas. 

Flux  values  from  three  other  investigators  in  the  literature  were  similarly  converted 
and  normalized  by  both  NC  crop  acreage  and  NC  total  land  area  to  assess  the 
representativeness  of  the  estimates.  Anderson  and  Levine  (1987)  measured  NO  emissions 
from  a  fertilized  (~  80  kg  N/acre)  soil  over  a  location  near  Jamestown,  Virginia  over  a 
year,  producing  a  yearly  NO  soil  flux  estimate  of  2.08  Kg  N/ha-yr.  Johansson  and  Granat 
(1984)  measured  soil  NO  emissions  in  a  fertilized  (200  kg  N/ha)  field  in  Kjettslinge, 
Sweden  from  April  to  July  and  again  in  September,  calculating  a  weighted  average  yearly 
NO  emission  from  soil  of  0,6  kg  N/ha-yr.  Williams  et  al.  (1992)  used  a  NO  emissions 
model  using  soil  temperature  and  land  use  type  to  predict  NO  fluxes  from  soil  on  a 
county  spatial  resolution  basis  for  the  US  in  January  and  July.  An  equal-weighted 
average  of  the  predicted  values  for  NC  in  both  seasons  produced  an  estimated  flux  of  NO 
from  soil  of  ~  3.2  ng  N  m‘2  s"^.  Each  of  these  NO  flux  estimates  were  then  multiplied  by 
the  total  crop  acreage  (soybean  =  1,349,970  acres;  cotton  =  460,000  acres,  com  * 
1,044,700  acres;  1991  data  (1993  North  Carolina  Agricultural  Statistics))  (Table  1)  to 
provide  an  estimate  of  the  source  strength  of  NO  emissions  from  each  crop.  These  NO 
emissions  estimates  were  also  multiplied  by  the  total  NC  land  area  (31,402,880  acres)  to 
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estimate  the  source  strength  of  NO  across  the  entire  state.  AH  the  resulting  normalized 
NC  total  land  area  NO  flux  estimates  were  then  divided  by  the  total  NO  emissions  from 
the  state  (anthropogenic  and  biogenic)  to  obtain  the  ‘percent  of  total  North  Carolina  (all 
sources)  emissions  of  NO  emitted  by  soils’  (Table  2).  The  overall  NC  yearly  estimate  was 
computed  as  ((0.60  x  NC  fallow  field  NO  flux)+(0.40  x  (0.33  x  NC  summer  overall 
average  NO  flux)+(0.66  x  NC  winter  overall  average  NO  flux))).  These  percentage 
estimates  were  then  compared  to  the  current  value  used  in  the  ROM  (~  3%). 

SPATIAL  DISTRIBUTION  INVENTORY 

The  combination  of  season  and  crop  type  allows  the  development  of  six  separate 
inventories.  Figure  1  shows  the  spatial  distribution  of  soil  NO  emissions  for  the  summer 
soybean  location  estimates  (soybean/summer).  This  inventory  shows  the  largest 
emissions  of  NO  for  the  conditions  occur  in  the  eastern  portion  of  NC,  with  yearly 
emissions  of  NO  by  county  ranging  up  to  ~  25  metric  ton  per  year.  This  results  in  a 
state- wide  total  of  about  3100  metric  ton  per  year  emitted  when  assuming  these 
conditions.  Since  the  majority  of  agriculture  in  NC  occurs  in  the  eastern  portion  of  the 
state,  this  eastern  maxima  is  reflected  in  all  the  subsequent  inventories  as  well. 

Figure  2,  the  soybean/winter  combination,  produced  the  largest  emission  values 
found  in  any  combination,  with  soil  NO  emissions  approaching  143  metric  ton  per  year 
in  one  county,  producing  almost  1800  metric  ton  per  year  for  the  state. 
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Figures  3  and  4  characterize  the  cotton  location  estimates.  Figure  3  shows  the 
cotton/summer  emission  distribution,  resulting  in  an  upper  limit  of  ~  21  metric  ton  per 
year  for  the  largest  emitting  county,  and  ~  220  metric  ton  per  year  for  the  state. 
Cotton/winter  is  shown  in  figure  4,  with  the  upper  value  of  soil  emitted  NO  by  county 
approaching  28  metric  ton  per  year,  leading  to  a  state-wide  value  of  ~  370  metric  ton 
per  year. 

Figures  5  and  6  reveal  the  distribution  of  soil  emitted  nitrogen  (as  NO)  for  the  com 
location  combinations.  The  com/summer  combination  is  depicted  in  Figure  5,  with  the 
largest  county  emission  approaching  56  metric  ton  per  year  and  the  combined  state-wide 
emissions  approaching  1100  metric  ton  per  year.  Finally,  Figure  6  shows  the  com/ winter 
combination,  with  the  largest  com  acreage  county  producing  ~  25  metric  ton  per  year, 
and  the  state  producing  490  metric  ton  per  year  for  these  conditions. 

COMPARISON  OF  NO  FLUX  ESTIMATES  TO  LITERATURE  VALUES 

To  assess  the  representativeness  of  these  estimated  source  strengths,  the  NO  fluxes 
used  to  produce  the  yearly  spatial  distributions  were  compared  to  yearly  estimates 
published  by  other  investigators  (Anderson  and  Levine,  1987;  Johansson  and  Granat, 
1984;  Williams  et  al.,  1992)  after  normalization  by  both  the  actual  crop  acreage  and  total 
land  acreage  in  North  Carolina  (1993  North  Carolina  Agricultural  Statistics).  The  NO 
source  strength  estimates  by  crop  acreage  were  similar  (Table  1),  with  the  weighted 
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Figure  I .  NO  flux  distribution  using  the  Summer  1993  soybean  data. 
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Figure  2.  NO  flux  distribution  using  the  Winter/Spring  1994  soybean  data. 
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Figure  3.  NO  flux  distribution  using  the  Summer  1993  cotton  data. 
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Figure  5.  NO  Flux  distribution  using  the  Summer  1993  com  data. 
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Figure  6.  NO  flux  distribution  using  the  Winter/Spring  1994  com  data. 


Data  Source 

Soybean 

Cotton 

Com 

Holbrook,  (Summer  1993)  (1) 

308.6 

221.5 

1073.9 

Holbrook,  (Spring  1994)  (2) 

1763.3 

297.8 

490.9 

Composite  NC  Yearly  Average  (3) 

1278.6 

272.4 

685.3 

Anderson  and  Levine  (1987)  (4) 

1136.7 

387.3 

879.6 

Johansson  and  Granat  (1984)  (5) 

327.8 

111.7 

253.7 

Williams  et  al.,  (1992)  (6) 

551.7 

188.0 

426.9 

NOTE:  Units  are  metric  tons  of  NO  as  N  per  year.  Crop  acreage  data  from  1993 
North  Carolina  Agricultural  Statistics. 


(1)  -  Uses  1.79  ng  N/m2-s  for  soybean,  3.77  ng N/m2-s  for  cotton,  and  8.05  ng  N/m2-s 

for  com  soil  NO  flux. 

(2)  -  Uses  10.23  ng  N/m2-s  for  soybean,  5.07  ng  N/m2-s  for  cotton,  and  3.68  ng  N/m2-s 

for  com  (as  previous  crops)  soil  NO  flux. 

(3)  -  Uses  1/3  of  the  Holbrook  Summer  1993  NO  flux  by  crop  (1)  and  2/3  of  the 

Holbrook  Spring  1994  NO  flux  by  previous  crop  (2). 

(4)  -  Uses  2.08  kg  N/ha-yr  (Virginia,  fertilized  soil)  as  the  soil  NO  flux  for  all  three 

crops. 

(5)  -  Uses  0.6  kg  N/ha-yr  (Sweden,  fertilized  soil)  as  the  soil  NO  flux  for  all  three 

crops. 

(6)  -  Uses  3.2  ng  N/m2-s  as  the  soil  NO  flux  for  all  three  crops.  NC  statewide  flux 

obtained  from  model  using  soil  temperature  and  land  use  type  as  inputs. 

Predicted  NO  flux  from  soil  applied  to  1991  NC  crop  acreage  only. 


Table  1.  Estimates  of  annual  NO  emissions  from  fertilized  soil,  as  a  function  of  crop, 
previous  crop,  and  North  Carolina  total  crop  acreage. 
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average  value  for  each  crop  comparing  favorably  to  the  yearly  estimate  for  Jamestown, 
Virginia. 

The  statewide  source  strength  estimates  (Table  2)  reveal  the  magnitude  of  NO 
emissions  from  North  Carolina  soils  using  several  varied  souces  from  the  United  States 
and  Europe,  along  with  output  from  a  numerical  model.  In  every  case,  the  source 
strengths  estimated  here  were  larger  than  the  value  currently  used  as  the  input  to  the 
ROM  (3  %),  with  the  composite  yearly  average  source  strength  of  NO  estimated  for  the 
state  almost  3  times  as  large  as  the  ROM  input. 

These  inventories,  while  not  presented  as  definitive,  reveal  the  magnitude  of 
nitrogen  (as  NO)  possibly  emitted  from  agriculturally-managed  soils  across  the  state  of 
North  Carolina.  Agricultural  enterprises  are  almost  always  rural,  so  fewer  anthropogenic 
NO  sources  impact  these  locations.  Therefore,  the  magnitude  of  these  biogenic  emissions 
become  significant  when  developing  effective  ozone  control  strategies.  If  the  soil  source 
of  NO,  a  biogenic  precursor  to  ozone  formation,  is  three  times  as  large  as  the  current 
ROM  input,  the  potential  for  rural  ozone  formation  may  be  underestimated. 
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Data  source 

NO  emission  %  of  total 

(metric  tons  of  N/year)  NO  emission 

(as  N) 

Candor,  NC 

Unfertilized  field 
(Kim  et  aL,  1994) 

7,180 

4.7  % 

Clayton,  NC 

Agriculturally-managed  fields 
(Holbrook,  Summer  1993) 

17,200 

11.3% 

Clayton,  NC 

Agriculturally-managed  fields, 
fallow  phase 
(Holbrook,  Spring  1994) 

24,940 

16.4% 

Composite  NC  Yearly  Average* 

13,250 

8.7% 

Jamestown,  VA 

Agricultural  field,  full  year 
(Anderson  and  Levine,  1987) 

26,440 

17.4% 

Kjettslinge,  Sweden 

Fertilized  land,  April- July,  September  7,630 
(Johansson  and  Granat,  1984) 

5.0  % 

Model 

(Williams  et  al.,  1992) 

12,830 

8.4  % 

Total  NO  emissions  data  for  NC  obtained  from  D-S  Kim,  Ph.D.  Dissertation,  North 
Carolina  State  University,  1993. 

*  NC  composite  yearly  average  calculated  as  60%  of  NO  flux  measured  in  Candor,  NC 
(unfertilized  location)  plus  40%  of  NO  flux  measured  in  Clayton,  NC  (fertilized  location, 
NO  flux  averaged  over  a  year  as  (1/3  of  Summer  1993  +  2/3  of  Spring  1994)) 

Table  2.  Comparison  of  NO  emissions  from  soil,  as  a  percentage  of  total  North  Carolina 
(all  sources)  NO  emission.  All  NO  flux  source  strengths  normalized  to  North 
Carolina  total  land  acreage. 
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APPENDIX  A 


Constants  used  in  flux  calculations 

h  =  42  cm 
V  =  27  liters 
Q  =  9  liters/min 
Lno=  0.02  cm/sec 
Lno2~  0.08  cm/sec 


in  R,  the  reaction  term: 

ko3  =  18  x  10*w  cm3  molecules'1  sec*1 
1cro2=  8.3  x  10*12  cm3  molecules*1  sec*1 
1cho2  -  7.6  x  10*12  cm3  molecules*1  sec*1 
[O3]  =  5  ppbv 
[R02]  *  18  pptv 
[H02]  =  5.4  pptv 


All  NOx  concentrations  were  measured  in  ppbv. 


APPENDIX  B 


Data  from  Latb  Summer  1 993  field  experiment 
Centra!  Crops  Research  Station.  Clayton,  NC 


Atl  air  temps  with  two  decimal  places  (except  in  the  overall  hourly  averages) 
ere  predicted  by  regression  of  air  temp  on  soil  temp... 

Flux  units  ere  ngNm'-2#'-1 


Soybean  Crop 
1 8-Aug-93 
Hour 

NO  flux 

N02  Rux 

Temps  1C) 
Soil 

Air 

NO  input 
(ppbl 

03  (TV  tower) 
ppb 

820 

6.86 

-25.98 

24 

23.4 

1.6 

25 

850 

4.77 

-1 2.58 

24.3 

25 

0.2 

25 

1020 

1.73 

-6.51 

24.5 

25.9 

0 

47 

1105 

0.51 

-0.40 

24.6 

26.2 

0.3 

58 

1155 

0.38 

0.22 

25.3 

30 

0.17 

58 

1225 

0.49 

-0.30 

25.5 

31.5 

0.05 

60 

1340 

0.62 

2.03 

26.8 

32.5 

0 

63 

1405 

0.31 

0.57 

26.6 

31.73 

0 

65 

1430 

0.93 

0.60 

26.8 

32.16 

0 

65 

1505 

0.31 

-0.48 

26.9 

32.38 

0 

68 

1535 

0.93 

0.86 

27.1 

32 

0 

68 

1715 

1.71 

5  34 

27.1 

31.7 

0.1 

65 

1745 

0.62 

2.06 

27.2 

31.3 

0 

65 

Temps  (C) 

NO  input 

03 (TV  tower) 

1 9-Aug-93 

NO  flux 

N02  Rux 

Soil 

Air 

(ppb) 

ppb 

1330 

1.42 

2.37 

24.8 

27.84 

0.1 

62 

1410 

1.09 

5.35 

25.6 

29.57 

0.32 

63 

1445 

0.79 

0.37 

26 

30.43 

0.1 

63 

1520 

1.19 

1.42 

26.3 

31.08 

0.1 

63 

1700 

1.55 

0.47 

27.4 

33.46 

0.1 

51 

1740 

-0.32 

-0.88 

26.5 

31.51 

0.65 

51 

1810 

2.95 

-0.36 

26.5 

31.51 

0.1 

36 

20-Aug-93 

Temps  (C) 

NO  input 

03 (TV  tower) 

hour 

NO  flux 

N02  Rux 

Soil 

Air 

(ppb) 

ppb 

1550 

3.09 

0.16 

26.8 

32.16 

0 

62 

1630 

2.15 

1.69 

26.9 

32.38 

0.05 

62 

1705 

0.11 

-1.13 

27.2 

33.02 

0,05 

62 

1735 

0.31 

3.60 

27.2 

33.02 

0 

62 

1805 

0.62 

1.58 

27.3 

33.24 

0 

54 

1835 

0.92 

0.84 

27.3 

33-24 

0 

54 

1900 

1.54 

1.90 

27.4 

33.46 

0 

47 

2015 

3.86 

0.58 

27.1 

32.81 

0.1 

51 

21 -Aug-93 

Temps  (C) 

NO  input 

03(TV  tower) 

hour 

NO  flux 

N02  Rux 

Soil 

Air 

(ppb> 

ppb 

1040 

1.40 

-1.33 

23.6 

25.25 

0.1 

56 

1110 

3.54 

-1.17 

23.9 

27.8 

0.15 

61 

1140 

6.32 

-1.95 

24.1 

29.2 

0.2 

61 

1230 

1.78 

-0.53 

24.7 

32.8 

0.05 

62 

1335 

1.09 

-1.97 

25.5 

31.9 

0.1 

63 

1435 

1.47 

-0.34 

25.9 

32.2 

0.05 

65 

1500 

3.38 

0.02 

26.1 

33.3 

0 

84 

1525 

0.32 

1.01 

26.2 

32.8 

0.1 

64 

1550 

0.96 

-2.44 

26.4 

30.3 

0.15 

64 

78 


1615 

0.13 

-0.31 

26.5 

31.7 

0.08 

51 

1640 

-1.01 

4.13 

26.5 

31.1 

0.7 

51 

1705 

2.36 

4.11 

26.6 

26.3 

0.1 

33 

22-Aug-93 

hour 

NO  flux 

N02  Flux 

T«mp«  (C) 
Soil 

Air 

NO  input 
(ppb) 

03  (TV  to  war) 
ppb 

740 

2.58 

-0.07 

23.3 

22.2 

0.2 

39 

810 

6.66 

-3.16 

23.3 

22.2 

0.2 

45 

830 

2.08 

0.87 

23.3 

23.1 

0.1 

45 

910 

5.57 

-2.74 

23.3 

24.4 

0.2 

52 

935 

1.49 

-0.18 

23.3 

24.4 

0 

52 

1000 

6.03 

-4.08 

23.5 

25 

0.2 

56 

1025 

2.52 

-2.63 

23.5 

26.1 

0 

56 

1100 

-0.70 

2.14 

23.7 

26.7 

0.8 

56 

1600 

0.00 

-0.18 

26 

30 

0 

64 

1635 

-0.07 

0.09 

26.1 

30 

0.05 

64 

Soybean  data  averages  by  hour 

Temperature  (C) 

NO  input 

Ave  03 

hour 

NO  Flux 

N02  Flux 

sail 

air 

(ppb) 

(ppb) 

700 

2.58 

-0.07 

23.30 

22.20 

0.20 

20.8 

800 

5.09 

-10.23 

23.73 

23.43 

0.53 

35.4 

900 

3.53 

-1.46 

23.30 

24.40 

0.10 

47 

1000 

2.92 

-3.63 

23.78 

25.56 

0.08 

54.8 

1100 

2.02 

-0.24 

24.32 

27.98 

0.32 

59 

1200 

1.13 

-0.42 

25.10 

32.15 

0.05 

59.6 

1300 

1.04 

0.80 

25.70 

30.75 

0.07 

60.2 

1400 

0.92 

1.25 

26.18 

31.22 

0.09 

62.2 

1500 

1.46 

0.08 

26.54 

32.12 

0.05 

63.4 

1600 

0.26 

1.08 

26.40 

31.04 

0.18 

61.2 

1700 

0.90 

1.97 

Z7.03 

31.76 

0.14 

54.8 

1800 

1.49 

0.70 

27.03 

32.66 

0.03 

44 

1900 

1.54 

1.90 

27.40 

33.46 

0.00 

34 

2000 

3.86 

0.58 

27.10 

32.81 

0.10 

37.8 

Cotton  Crop, 

(Diurnal  run) 

23-  Aug-93 

24- Aug-94 
hour 

air  carrier, 

NO  flux 

Clayton  NC 

N02  Flux 

Temps  (C) 
Soil 

Air 

NO 

input 

03  (TV  tower) 
ppb 

1050 

4.26 

1.43 

24 

31.4 

0.05 

49 

1125 

2.16 

0.11 

24.4 

32.8 

0 

57 

1215 

1.24 

1.43 

24.9 

32.2 

0 

60 

1300 

0.70 

1.14 

25.7 

33.3 

0.05 

66 

1445 

0.24 

1.43 

27.1 

34 

0.05 

66 

1510 

0.31 

4.90 

28 

34.4 

0 

67 

1535 

1.01 

4.31 

28.5 

33.3 

0.05 

67 

1620 

0.27 

-0.52 

29 

31 

0.2 

63 

1650 

1.72 

10.47 

29.5 

31 

0.1 

63 

1730 

0.46 

-1.51 

29.5 

31.5 

0 

56 

1805 

0.31 

1.64 

29.5 

30 

0 

44 

1845 

2.03 

-2.02 

29 

29 

0 

44 

1925 

2.05 

-13.70 

29 

26 

0 

40 

2010 

1.46 

-6.56 

28.5 

23 

0.2 

33 

2045 

14.10 

-27.48 

28 

22 

0.4 

33 

2200 

5.43 

-11.09 

27.5 

22 

0 

36 

2245 

2.57 

-5.37 

27 

22 

0.1 

36 

2315 

4.21 

-1.61 

27 

22 

0.07 

32 

2355 

1.92 

-1.52 

26.5 

21 

0 

32 

79 


2435 

3.21 

3.25 

26 

21 

0 

32 

2510 

2.73 

-0.46 

26 

20 

0 

29 

2545 

1.06 

•4.49 

26 

20 

0.15 

29 

2625 

2.26 

-0.98 

25.5 

19 

0 

25 

2700 

0.82 

•2.63 

25 

19 

0.1 

20 

2735 

6.98 

-9.04 

25 

18 

0.1 

20 

2S15 

9.48 

-9.47 

25 

17.5 

0.6 

5 

2850 

10.13 

-14.29 

24.5 

18 

0.05 

5 

2930 

8.72 

-7.92 

24 

18 

0.45 

5 

3005 

7.95 

-5.19 

24 

18 

0.1 

5 

3040 

7.01 

-6.15 

24 

18 

0.4 

5 

3115 

8.55 

25.86 

24 

18 

8.1 

13 

3230 

38.02 

-38.71 

23.6 

22 

0.43 

21 

3305 

0.79 

-0.37 

23.6 

25 

0 

55 

3350 

0.94 

8.64 

23.9 

27 

0 

55 

24-Aug-94 

Temps  (C) 

NO 

03 

Hour 

NO  flux 

N02  Flux 

Soil 

Air 

input 

ppb 

1210 

0.23 

0.09 

26.3 

35 

0.05 

62 

1245 

0.08 

0.40 

26.9 

36 

0.05 

62 

1330 

0.00 

-0.30 

28.2 

36 

0 

65 

1410 

0.16 

0.31 

29 

38.5 

0.1 

68 

1510 

0.16 

0.74 

30 

36 

0.1 

68 

1540 

0.39 

-4.03 

30.3 

32 

0.05 

68 

1610 

0.51 

0.95 

30.3 

34 

0.07 

70 

1640 

-0.07 

-0.56 

30.3 

35.5 

0.05 

70 

1705 

0.15 

-0.34 

30.4 

35 

0 

66 

25-Aug-94 

Temps  (C) 

NO 

03 

NO  flux 

N02  Flux 

Soil 

Air 

input 

ppb 

1705 

0.31 

0.51 

28 

34 

0 

68 

1735 

0.31 

0.60 

28.1 

35 

0 

68 

1800 

0.32 

-2.05 

28.2 

34 

0.1 

50 

1830 

0.39 

-11.24 

28.2 

30.5 

0.05 

50 

1855 

0.39 

-2.15 

28.3 

30.5 

0.05 

50 

1920 

0.17 

-6.81 

28.2 

28.5 

0.1 

43 

1945 

0.96 

-12.68 

28.1 

27 

0.2 

43 

2010 

3.74 

-25.85 

28 

25 

0.1 

39 

2035 

7.44 

-24.35 

27.9 

25 

0.1 

39 

26-Auo-94 

Temps  (C) 

NO 

03 

NO  flux 

N02  Flux 

Soil 

Air 

input 

ppb 

1300 

1.01 

1.76 

28.6 

35.7 

0 

62 

1330 

0.23 

1.57 

29.4 

37.5 

0.05 

62 

1400 

0.60 

2.33 

30.2 

38.7 

0 

65 

1430 

0.00 

2.01 

31 

38.5 

0 

65 

1500 

0.00 

0.40 

31.8 

39 

0 

57 

1600 

0.31 

•2.26 

32.5 

33.5 

0 

52 

1640 

0.32 

-1.82 

32.5 

25 

0 

52 

1705 

0.63 

-5.18 

32.5 

24.7 

0 

40 

1740 

0.00 

-6.96 

32 

25 

0 

40 

1815 

2.38 

-26.14 

31.4 

25 

0.1 

20 

1900 

7.84 

-24.46 

30.7 

25 

0.8 

13 

28-Aug-94 

Temps  (C) 

NO 

03 

NO  flux 

N02  Flux 

Soil 

Air 

input 

ppb 

730 

16.79 

-12.32 

24.9 

22 

2.25 

5 

800 

13.53 

-9.38 

24.8 

23 

1.62 

12 

835 

12.36 

-11.13 

24.9 

25 

3 

12 

905 

15.24 

-9.80 

25 

26 

1 

24 

930 

9.30 

-8.93 

25.1 

28 

2 

24 

80 


1000 

9.52 

-6.15 

25.4 

30.7 

0.5 

42 

1035 

6.08 

-5.43 

25.8 

32 

0.2 

42 

1105 

3.27 

-3.30 

26.4 

33 

0.3 

53 

1130 

1.46 

-0.69 

26.7 

35.3 

0.05 

53 

Cotton  data  averages  by  hour 

Temperature 

(C) 

NO  input 

Ave  03 

hour 

NO  Flux 

N02  Flux 

soil 

air 

(ppb) 

(ppb) 

0 

3.21 

3.25 

26.00 

21.00 

0.00 

21.8 

100 

1.90 

-2.47 

26.00 

20.00 

0.08 

18.4 

200 

2.26 

-0.98 

25.50 

19.00 

0.00 

15.3 

300 

3.89 

-5.83 

25.00 

18.50 

0.10 

12.2 

400 

9.80 

-1 1 .88 

24.75 

17.75 

0.33 

8.4 

500 

8.72 

-7.92 

24.00 

18.00 

0.45 

6 

600 

7.48 

-5.67 

24.00 

18.00 

0.25 

5 

700 

12.70 

6.73 

24.45 

20.00 

5.18 

13 

800 

21.26 

-19.61 

24.43 

23.33 

1.68 

20.5 

900 

6.58 

-2.61 

24.40 

26.50 

0.75 

40.2 

1000 

6.62 

-3.38 

25.07 

31.37 

0.25 

50 

1100 

2.29 

-1.29 

25.83 

33.70 

0.12 

58.4 

1200 

0.51 

0.64 

26.03 

34.40 

0.03 

60.2 

1300 

0.48 

1.04 

27.98 

35.63 

0.03 

62.6 

1400 

0.25 

1.52 

29.33 

37.43 

0.04 

65 

1500 

0.37 

1.27 

29.72 

34.94 

0.04 

64.4 

1600 

0.51 

1.05 

30.68 

31.67 

0.07 

62.8 

1700 

0.31 

-2.10 

30.08 

30.87 

0.00 

55.4 

1800 

0.97 

-6.91 

29.10 

29.83 

0.05 

39.4 

1900 

2.74 

-14.36 

29.00 

26.63 

0.28 

34.6 

2000 

6.68 

-21.06 

28.10 

23.75 

0.20 

32.8 

2100 

no  data  this 

hour 

2200 

4.00 

-8.23 

27.25 

22.00 

0.05 

25 

2300 

3.07 

-1.56 

26.75 

21.50 

0.04 

20.2 

Corn  Crop  at  Clayton,  NC 
Contra)  Crops  Research  Station 
Ambient  air  as  the  carrier 


29- Aug-93 
hour 

NO  flux 

N02  Flux 

Temps  (C) 
Soil 

Air 

NO  data 
input 

03  (TV  tower) 
ppb 

1550 

10.33 

17.82 

31.8 

37.5 

0.1 

69 

1620 

9.69 

17.20 

32 

38 

0.05 

64 

30-Aug-93 

hour 

NO  flux 

N02  Flux 

Temps  (C) 
Soil 

Air 

NO  data 
input 

03  (TV  tower) 
ppb 

800 

52.79 

-30.27 

25.1 

24 

1 

24 

835 

45.08 

-20.63 

25 

0.1 

24 

900 

36.15 

-11.07 

27.5 

0.25 

39 

930 

33.13 

-7.41 

29 

0.4 

39 

1000 

32.63 

-2.91 

30.5 

0.2 

54 

1030 

23.30 

6.80 

32.5 

0.1 

54 

1145 

10.62 

20.02 

37.5 

0 

68 

1215 

8.44 

20.67 

37 

0.05 

69 

1250 

10.94 

20.90 

37.25 

0 

69 

1320 

11.21 

22.20 

38 

0 

73 

1345 

5.00 

23.46 

39 

0.1 

73 

1415 

7.13 

24.68 

38 

0.1 

75 

1450 

3.21 

28.81 

36 

0.1 

75 

81 


1520 

2.42 

28.52 

38 

0 

67 

1600 

8.45 

29.18 

34 

0.1 

66 

1615 

5.18 

26.92 

32 

0.05 

66 

1645 

9.01 

27.78 

36 

0.1 

66 

1725 

5.05 

22.46 

35 

0.02 

66 

1745 

6.75 

25.13 

34 

0 

68 

31 -Aug-93 
hour 

NO  flux 

N02  Flux 

Temps  (C) 
Soil 

Air 

NO  data 
input 

03  (TV  tower) 
ppb 

1420 

0.12 

1.38 

35 

0 

43 

1500 

0.61 

-0.25 

35 

0 

48 

1530 

1.22 

0.36 

36 

0 

48 

1555 

3.06 

-1.04 

35 

0 

48 

1620 

0.37 

0.54 

35 

0.15 

50 

1645 

0.01 

0.64 

34 

0.1 

50 

1710 

0.00 

0.30 

34 

0 

52 

1745 

0.31 

0.17 

33 

0 

52 

1805 

0.00 

0.02 

32 

0 

38 

1830 

0.00 

-0.08 

31 

0 

38 

1 -Sep-93 
hour 

NO  flux 

N02  Flux 

Temps  (C) 
Soil 

Air 

NO  data 
input 

03  (TV  tower) 
ppb 

1005 

1.10 

-0.63 

31 

0.1 

72 

1030 

0.32 

0.96 

33 

0.1 

72 

1100 

-0.54 

0.79 

34 

0.7 

84 

1200 

0.30 

0.56 

38 

0 

90 

1225 

0.38 

-0.34 

37.5 

0.05 

90 

1250 

0.31 

-1.15 

39 

0.1 

90 

1315 

0.01 

-0.10 

39 

0.1 

79 

1340 

0.72 

-0.46 

39 

0.05 

79 

1405 

0.16 

0.06 

39 

0.1 

73 

1430 

0.23 

0.15 

39.5 

0.05 

73 

1455 

0.09 

-5.70 

40 

0.15 

73 

1515 

0.99 

-0.70 

39 

0.05 

71 

Corn  data  averages  by  hour 

Temperature  (C) 

NO  input 

Ave  03 

hour 

NO  Flux  N02  Flux 

soil 

air  (ppb) 

(ppb) 

800 

48.93 

-25.44 

25.1 

24.5  0.55 

27 

900 

34.63 

-9.23 

28.25  0.325 

40.5 

1000 

14.32 

1.08 

31.75  0.125 

53.25 

1100 

5.08 

10.50 

35.75  0.35 

62.25 

1200 

4.07 

8.18 

37.8  0.04 

65.75 

1300 

4.23 

11.34 

38.75  0.0625 

65.25 

1400 

1.82 

8.28 

38.67  0.083333 

65 

1500 

3.11 

7.55 

31.8 

36.75  0.025 

63.75 

1600 

5.46 

17.13 

32 

34.83  0.091667 

62.75 

1700 

3.03 

12.13 

34  0.005 

59.75 

1800 

0.00 

-0.03 

31.5  0 

44 

NO  Flux-Hourly  Averages/Standerd  Deviations 
flux  units  are  ng  N  m*-2  s'-l 

Data  gathered  at  Clayton  NC  (Central  Crops  Research  Station) 
from  Aug  1 8  to  Sep  1  1 993 


Hour  Soybean  Soybean  Cotton  Cotton  Corn  Corn 

(EST)  NO  Flux  NO  sdev  NO  Flux  NO  Sdev  NO  Flux  NO  sdev 


Hour 

(EST) 


700 

2.58 

12.67 

5.83 

800 

5.09 

2.22 

21.30 

14.49 

48.94 

5.45 

900 

3.53 

2.88 

6.57 

7.02 

34.64 

2.13 

1000 

2.92 

2.13 

6.62 

2.67 

14.34 

16.20 

1100 

2.01 

2.88 

2.29 

0.91 

5.04 

7.89 

1200 

1.13 

0.91 

0.52 

0.63 

4.07 

5.20 

1300 

1.04 

0.40 

0.48 

0.45 

4.23 

5.15 

1400 

0.92 

0.43 

0.25 

0.26 

1.83 

2.87 

1500 

1.45 

1.26 

0.37 

0.38 

3.11 

3.66 

1600 

0.25 

1.16 

0.51 

0.62 

5.45 

4.36 

1700 

0.91 

0.98 

0.31 

0.22 

3.03 

3.39 

1800 

1.50 

1.27 

0.97 

0.96 

0.00 

0.00 

1900 

1.54 

2.76 

3.48 

2000 

3.86 

6.69 

5.53 

2100 

2200 

4.00 

2.03 

2300 

3.07 

1.62 

2400 

3.21 

2500 

1.90 

1.18 

2600 

2.26 

2700 

3.90 

4.35 

2800 

9.80 

0.46 

2900 

8.72 

3000 

7.48 

0.66 

N02  Flux-Hourly  Averages/Standard  Deviations 
flux  units  are  ng  N  m‘-2  s‘-1 

Data  gathered  at  Clayton  NC  (Central  Crops  Research  Station) 
from  Aug  18  to  Sep  1  1993 


Soybean 

Soybean 

Cotton 

Cotton 

Corn 

Corn 

N02  Flux 

N02  edev 

N02  Flux 

N02  edev 

N02  Flux 

N02  sdev 

700 

-0.07 

6.77 

26.99 

800 

-10.21 

11.93 

-19.74 

16.45 

-25.45 

6.82 

900 

-1.46 

1.81 

-2.62 

8.62 

-9.24 

2.59 

1000 

-3.63 

2.22 

-3.38 

4.18 

1.05 

4.15 

1100 

-0.23 

1.56 

-1.30 

1.78 

10.41 

13.60 

1200 

-0.42 

0.17 

0.64 

0.70 

8.13 

11.57 

1300 

0.81 

2.41 

1.04 

0.93 

11.27 

13.35 

1400 

1.25 

2.31 

1.52 

0.89 

8.23 

14.61 

1500 

O.OS 

1.28 

1.27 

3.59 

7.45 

12.65 

1600 

1.08 

1.88 

1.04 

4.75 

17.04 

13.43 

1700 

1.98 

2.48 

-2.15 

3.18 

12.02 

13.64 

1800 

0.69 

0.97 

-6.99 

10.31 

-0.03 

0.07 

1900 

1.90 

-14.41 

7.35 

2000 

0.58 

-21.08 

9.75 

2100 

2200 

-8.23 

4.05 

2300 

-1.56 

0.07 

2400 

3.25 

2500 

-2.47 

2.85 

2600 

-0.98 

2700 

-5.84 

4.53 

2800 

-11.88 

3.40 

2900 

-7.92 

3000 

-5.67 

0.68 

Subtract  2400  from  hour  >  2400 
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APPENDIX  C 


Winter/Spring  NOx  measurements,  Central  Crops  Research  Station,  Clayton  NC. 
Crop  designations  are  by  previous  crop  in  that  location 
Flux  units  are  ng  N/m*2-s,  temperatures  are  in  degrees  C 


Soybean  measurements 


Day 

Hour 

Soil  Temp 

Air  Temp 

7-Feb-94 

1100 

10.2 

12.3 

Soy  1 

1200 

12.5 

13.8 

1300 

14.2 

15.2 

1400 

14.2 

15.2 

1500 

14.1 

15.7 

1600 

12.5 

16.3 

1700 

11 

15 

1800 

10.1 

11.6 

Ave 

12.35 

14.39 

Std  Dev 

1.75 

1.67 

Day 

Hour 

Soil  Temp 

Air  Temp 

8-Feb-94 

800 

8.1 

12.5 

Soy  2 

900 

9.1 

13.1 

1000 

9.6 

13.6 

1100 

11.5 

16.1 

1200 

11.8 

16 

1300 

11.6 

15.1 

Ave 

10.28 

14.40 

Std  Dev 

1.56 

1.54 

Day 

Hour 

Soil  Temp 

Air  Tamp 

1 4-Feb-94 

900 

0.9 

5 

Soy  2 

1000 

1.7 

6 

Again... 

1100 

4 

8.1 

1200 

6.3 

9 

1300 

8 

.10.5 

1400 

9 

11.6 

1500 

9.2 

12.2 

1600 

8.8 

11.8 

1700 

8.1 

11.1 

1800 

7 

8.2 

1900 

6.1 

4.6 

2000 

5.5 

3.5 

Ave 

6.22 

8.47 

Std  Dev 

2.78 

3.08 

Day 

Hour 

Soil  Temp 

Air  T  emp 

1 5-Feb-94 

700 

1.2 

0.5 

Soy  3 

800 

1.5 

1.9 

900 

2 

4.3 

No  1000.. 

1100 

6.3 

12 

1200 

7.7 

13.2 

1300 

9.8 

16.1 

1400 

10.1 

15.2 

Air  Carrier 

N2  Carrier 

NO  Flux 

N02  Flux 

NO  Flux 

N02  Flux 

2.31 

-9.83 

0.42 

2.02 

13.15 

-22.94 

0.00 

0.00 

8.18 

-27.05 

0.08 

0.00 

-3.22 

-14.45 

0.20 

0.00 

3.92 

-2.18 

0.00 

0.00 

2.28 

7.74 

0.00 

0.00 

0.00 

-3.00 

0.08 

0.00 

0.00 

10.67 

0.00 

0.00 

3.33 

-7.63 

0.10 

0.25 

5.17 

13.55 

0.15 

0.71 

Air  Carrier 

N2  Carrier 

NO  Flux 

NO  2  Flux 

NO  Flux 

NO  2  Flux 

1.65 

0.40 

0.66 

0.00 

3.95 

-1.78 

0.17 

0.00 

3.62 

-2.51 

0.00 

0.00 

2.61 

-2.31 

0.33 

0.00 

0.65 

-2.73 

0.82 

0.00 

0.49 

-3.24 

1.48 

0.00 

2.16 

-2.03 

0.58 

0.00 

1.47 

1.28 

0.54 

0.00 

Air  Carrier 

N2  Carrier 

NO  Flux 

N02  Flux 

NO  Flux 

N02  Flux 

26.52 

-34.58 

1.88 

3.31 

28.53 

-41.28 

0.00 

1.65 

6.71 

-27.64 

0.00 

0.00 

8.69 

-23.78 

0.00 

0.00 

7.65 

-18.38 

0.33 

0.20 

4.31 

-23.97 

0.33 

0.20 

2.97 

-1 2.49 

0.17 

0.20 

0.00 

-23.66 

0.00 

0.00 

1.00 

-21 .89 

0.00 

0.00 

-4.21 

-55.13 

0.00 

2.05 

45.51 

-88.63 

0.00 

0.00 

133.06 

-141.04 

0.69 

0.00 

21.73 

-42.71 

0.28 

0.63 

37.96 

37.22 

0.55 

1.09 

Air  Carrier 

N2  Carrier 

NO  Flux 

NO  2  Flux 

NO  Flux 

N02  Flux 

5.86 

-74.53 

1.91 

0.00 

75.90 

-68.19 

3.11 

0.00 

39.55 

-52.33 

3.77 

0.00 

18.52 

-28.38 

0.67 

0.00 

15.81 

-27.18 

5.80 

0.00 

7.82 

-16.64 

7.06 

0.00 

5.56 

-13.52 

4.61 

0.00  84 

1500 

10 

15.6 

1600 

9.5 

14.5 

Continue 

1700 

9.3 

13.8 

1  6-Feb-94 

1800 

8.5 

10.6 

Soy  3 

1900 

7.3 

5.9 

2000 

6.5 

4.5 

Ave 

6.90 

9.85 

Std  Dev 

3.30 

5.63 

Day 

Hour 

Soil  Temp 

Air  Temp 

1 7-Feb-94 

600 

2.1 

0 

Soy  4 

700 

2 

0.2 

800 

2.1 

2.5 

900 

2.8 

6.9 

1000 

3.6 

9.3 

1100 

6 

12.2 

1200 

8.7 

13.7 

1300 

10.5 

15 

1400 

12.1 

16 

1500 

12.8 

17.6 

1600 

11.6 

16.6 

1700 

11 

14.3 

1800 

9.5 

11.4 

1900 

8.6 

8.7 

2000 

7.8 

5.9 

Ave 

7.41 

10.02 

Std  Dev 

3.98 

5.87 

Day 

Hour 

Soil  Temp 

Air  Temp 

4/5 -mar-94 

600 

2.7 

5 

Soy  5 

700 

3.3 

10.8 

Diurnal 

800 

4.8 

15.6 

900 

6.3 

14.3 

1000 

7.5 

16.5 

1100 

10.1 

19.3 

1200 

12.1 

21.3 

1300 

12.3 

23 

1400 

13.7 

23.9 

1500 

14.1 

23.6 

1600 

13.8 

23.9 

1700 

13.1 

23.7 

1800 

12 

18.5 

1900 

11 

15.5 

2000 

10.3 

13.6 

2100 

9.6 

12 

2200 

9.2 

11.3 

2300 

8.7 

10.1 

2400 

8.4 

10 

eubtract  > 

2500 

8 

10.1 

2400... 

2600 

7.7 

10.2 

2700 

7.3 

8.5 

2800 

6.9 

7.9 

2900 

6.7 

7 

Ave 

9.15 

14.82 

Std  Dev 

3.23 

6.04 

3.27 

-21 .51 

15.30 

0.00 

2.95 

-19.94 

16.01 

0.00 

1.31 

-9.51 

12.25 

0.00 

1.00 

-9.21 

21.25 

0.00 

11.54 

-33.90 

22.46 

0.00 

-10.77 

-37.21 

18.47 

0.00 

13.72 

-31.70 

10.21 

0.00 

22.12 

21.32 

7.73 

0.00 

Air  Carrier 

N2  Carrier 

NO  Flux 

N02  Flux 

NO  Flux 

N02  Flux 

-0.33 

5.60 

0.87 

0.00 

22.42 

4.44 

1.74 

0.00 

21.27 

-14.92 

5.17 

0.00 

8.29 

-7.49 

6.78 

0.00 

11.20 

-6.59 

18.83 

0.00 

7.60 

-1 .92 

33.12 

0.00 

4.27 

-6.63 

43.71 

0.00 

5.26 

-9.03 

48.29 

0.20 

3.26 

-6.60 

52.23 

0.00 

1.62 

-3.28 

42.63 

0.00 

2.50 

19.83 

0.20 

62.25 

-37.70 

19.82 

0.20 

3.21 

27.60 

12.85 

0.20 

2.41 

-30.96 

9.27 

0.20 

44.45 

-41.45 

6.13 

0.41 

13.31 

-9.21 

21.42 

0.09 

17.89 

18.04 

17  95 

0.13 

Air  Carrier 

N2  Carrier 

NO  Flux 

N02  Flux 

NO  Flux 

NO  2  Flux 

3.57 

7.58 

2.39 

0.41 

7.67 

-22.63 

5.02 

1.22 

6.58 

-10.69 

2.96 

0.60 

6.94 

-2.01 

7.10 

1.00 

5.53 

0.58 

11.31 

0.99 

4.86 

-5.32 

27.12 

1.77 

4.66 

-8.22 

31.29 

1.76 

2.87 

2.47 

31.59 

2.33 

2.39 

19.18 

0.00 

2.08 

-8.30 

10.88 

4.85 

1.29 

-6.05 

8.31 

2.91 

0.95 

-1.57 

8.80 

2.72 

0.32 

-4.83 

8.30 

1.58 

0.83 

9.94 

10.69 

2.00 

0.33 

26.01 

9.27 

1.61 

0.51 

-8.81 

9.16 

1.62 

2.34 

1.58 

7.51 

2.02 

10.17 

23.92 

7.38 

2.44 

40.99 

38.45 

7.38 

5.49 

9.01 

17.08 

6.71 

9.56 

0.69 

4.53 

6.03 

4.47 

3.91 

-0.33 

5.90 

2.25 

0.36 

0.54 

5.07 

1.23 

0.85 

-0.78 

5.42 

1.23 

4.99 

2.31 

10  62 

2.34 

8.21 

13.52 

8.20 

2.04 
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Start  Cotton  field  data,  same  location  as  above. 

Air  Carrier 

N2  Carrier 

□ay 

Hour 

Soil  Tamp 

Air  Temp 

NO  Flux 

N02  Flux 

NO  Flux 

NO  2  Flux 

1  -Mar-94 

600 

3.8 

4 

-11.71 

-53.30 

1.03 

0.42 

Cotton  1 

700 

3.9 

3.2 

4.14 

-37.62 

1.37 

0.42 

800 

3.9 

3.6 

10.66 

1.01 

1.20 

0.21 

900 

4 

3 

5.04 

-4.74 

1.72 

0.00 

1000 

4.2 

2.5 

10.50 

15.11 

3.96 

0.00 

1100 

4.3 

3.3 

8.94 

-3.54 

3.95 

0.00 

1200 

4.8 

3.8 

3.43 

-0.57 

6.69 

0.00 

1300 

5 

4.2 

3.24 

-1 .09 

10.79 

0.00 

1400 

5.1 

4.1 

1.57 

-5.28 

17.81 

0.21 

1500 

5 

3.7 

1.39 

0.99 

10.64 

0.21 

1600 

5 

3.5 

2.73 

-1.40 

19.05 

0.00 

1700 

4.7 

3.1 

1.02 

0.22 

15.13 

0.00 

1800 

4.5 

3.5 

0.52 

1.25 

12.53 

1900 

4.3 

3.2 

0.52 

2.91 

12.03 

0.00 

2000 

4.1 

3 

3.10 

2.72 

11.69 

0.00 

Ave 

4.44 

3.45 

3.01 

•5.56 

8.64 

0.10 

Std  Dev 

0.46 

0.47 

5.30 

17.13 

6.22 

0.16 

Air  Carrier 

N2  Carrier 

Day 

Hour 

Soil  Temp 

Air  Temp 

NO  Flux 

N02  Flux 

NO  Flux 

N02  Flux 

3-Mar-94 

600 

3.5 

1.7 

17.69 

2.01 

4.49 

0.21 

Cotton  2 

700 

3.4 

1.8 

7.80 

-6.58 

0.86 

0.42 

800 

3.3 

2.1 

19.72 

•0.62 

1.04 

0.00 

900 

4 

3.3 

14.95 

-20.77 

1.37 

0.00 

1000 

5 

4.2 

18.01 

-23.75 

1.20 

0.00 

1100 

5 

4.6 

14.20 

-14.42 

0.85 

0.00 

1200 

4.9 

4.8 

8.89 

-11.10 

0.85 

0.00 

1300 

5 

5.4 

8.54 

-12.60 

0.68 

0.00 

1400 

5.6 

6.6 

5.47 

-7.78 

1.53 

0.00 

1500 

6.7 

7.1 

2.92 

-12.70 

0.85 

0.00 

1600 

6.3 

7.8 

2.19 

-4.65 

0.85 

0.00 

1700 

6.2 

8.1 

1.19 

1.07 

0.34 

0.00 

1800 

5.8 

7.2 

-0.11 

0.14 

2.20 

0.21 

1900 

5.2 

6.3 

0.70 

3.10 

4.25 

2.06 

2000 

5 

6.7 

0.70 

11.65 

5.60 

0.21 

2100 

4.6 

6.1 

0.72 

2.87 

5.61 

0.00 

2200 

4.3 

S 

1.04 

1.41 

5.44 

0.21 

Ave 

4.93 

5.28 

7.33 

-5.45 

2.24 

0.19 

Std  Dev 

1.01 

2.06 

7.06 

9.45 

1.96 

0.50 

Air  Carrier 

N2  Carrier 

Day 

Hour 

Soil  Temp 

Air  Temp 

NO  Flux 

N02  Flux 

NO  Flux 

NO  2  Flux 

7-Mar-94 

700 

7.8 

8.2 

109.55 

-63.49 

3.21 

1.02 

Cotton  3 

800 

8.3 

10.2 

19.24 

-24.84 

4.53 

0.61 

900 

9.9 

14.1 

18.45 

-10.19 

6.28 

0.00 

1000 

13.2 

21.2 

6.90 

-6.34 

30.17 

3.91 

1100 

13.9 

24.3 

5.73 

-6.84 

39.27 

2.32 

1200 

17.7 

28.2 

4.43 

-6.11 

6.30 

1.72 

1300 

18 

26.2 

2.57 

-2.98 

5.24 

0.38 

1400 

17.6 

27.6 

1.88 

-2.96 

2.68 

0.00 

1500 

17.8 

26.8 

1.11 

-2.40 

2.85 

0.00 

1600 

17.8 

27.8 

1.42 

-9.55 

3.63 

C.00 

1700 

17.3 

27 

1.26 

-3.05 

4.43 

0.00 

1800 

16.3 

22 

1.60 

-0.84 

7.08 

0.00 

1900 

15.2 

18.7 

0.65 

-1.56 

8.95 

0.00 

2000 

14.8 

17.4 

0.17 

1.87 

8.99 

0.00 

Ave 

14.69 

21.41 

12.50 

-9.95 

9.54 

0.71 

Std  Dev 

3.63 

6.76 

28.61 

16.69 

11.00 

1.18 

Day 

Hour 

Soil  Temp 

Air  Temp 

Air  Carrier 
NO  Flux 

NO  2  Flux 

N2  Carrier 
NO  Flux 

N02  Flux 

8-Mar-94 

600 

13.2 

13.6 

1.01 

-1.93 

1.16 

0.20 

Cotton  4 

700 

13.3 

14.7 

2.29 

6.38 

4.62 

0.40 

800 

13.7 

16.7 

5.55 

-9.29 

5.73 

0.40 

900 

14.8 

20.1 

3.73 

-8.04 

2.11 

0.20 

1000 

15.9 

25.1 

4.60 

-6.81 

7.01 

0.97 

1100 

16.3 

27.8 

3.16 

-3.59 

16.41 

1.34 

1200 

18.2 

30.1 

6.86 

-4.04 

6.58 

1.33 

1300 

20.1 

31.5 

2.33 

-2.74 

2.49 

0.76 

1400 

21 

31.2 

1.26 

-1.27 

1.72 

0.57 

1500 

20.1 

28.3 

0.94 

-0.78 

1.42 

0.19 

1600 

18.8 

28 

1.57 

-2.88 

1.10 

0.00 

1700 

18.2 

27 

0.94 

-2.68 

2.06 

0.00 

1800 

17.6 

23.6 

0.66 

-6.18 

4.64 

0.19 

1900 

16.6 

20.3 

0.00 

4.38 

2.91 

0.20 

2000 

16.1 

19.8 

0.52 

0.03 

2.92 

0.20 

Ave 

16.93 

23.85 

2.36 

-2.63 

4.19 

0.46 

Std  Dev 

2.51 

5.97 

2.03 

4.23 

3.90 

0.44 

Day 

Hour 

Soil  Temp 

Air  Temp 

Air  Carrier 
NO  Flux 

N02  Flux 

N2  Carrier 
NO  Flux 

N02  Flux 

1 8 -Mar-94 

600 

6.2 

6.3 

2.36 

-9.18 

23.11 

0.21 

Cotton  5 

700 

6.6 

7.8 

4.72 

-6.65 

42.43 

0.41 

Diurnal 

800 

6.9 

8.4 

4.89 

-9.99 

38.96 

0.41 

900 

7.5 

10 

4.00 

-11.31 

28.68 

0.41 

1000 

9.2 

16.1 

7.85 

-16.35 

12.31 

1.00 

1100 

11.9 

20.9 

5.47 

-3.23 

2.75 

0.39 

1200 

13 

22.7 

3.06 

-11.22 

1.44 

0.39 

1300 

11 

14.5 

4.44 

-19.77 

0.99 

0.20 

1400 

11.8 

20.4 

4.67 

0.07 

0.81 

0.20 

1500 

12.6 

18.6 

2.26 

-0.45 

0.65 

0.20 

1600 

13.2 

19.7 

2.60 

-3.63 

0.65 

0.39 

1700 

13.2 

20.2 

0.05 

-4.01 

0.49 

0.20 

1800 

12.5 

16.6 

-0.30 

-23.16 

0.49 

0.99 

1900 

12 

16 

0.35 

3.37 

0.66 

0.40 

2000 

11.3 

11.7 

0.33 

-15.79 

0.67 

2.22 

2100 

10.5 

9.7 

1.51 

-11.55 

1.18 

2.24 

2200 

9.7 

9.8 

0.36 

-5.82 

1.01 

0.20 

2300 

9.2 

11.8 

-0.31 

1.14 

1.00 

0.61 

2400 

9 

12 

1.02 

-1.67 

0.83 

0.00 

2500 

8.8 

11.6 

0.51 

-1.29 

1.50 

0.00 

2600 

8.7 

10.9 

0.69 

-1.62 

0.84 

0.00 

2700 

8.9 

10.8 

-0.28 

-0.95 

1.17 

0.20 

2800 

8.5 

10 

0,02 

-0.64 

1.17 

0.20 

2900 

8.2 

8.8 

0.23 

0.99 

0.67 

0.20 

Ave 

10.02 

13.55 

2.10 

-6.36 

6.85 

0.49 

Std  Dev 

2.19 

4.81 

2.29 

7.17 

12.72 

0.59 

Start  Com  readings 

Air  Carrier 

N2  Carrier 

Day  Hour 

Soil  Temp 

Air  Temp 

NO  Flux 

N02  Flux 

NO  Flux 

N02  Flux 

1 6-Mar-94  600 

8 

7.1 

0.34 

-10.25 

1.19 

0.41 

Com  1 

700 

8.1 

11.5 

Diurnal 

800 

8.3 

10.8 

900 

9 

13.3 

1000 

10.4 

16.6 

1100 

13 

18.7 

1200 

13.6 

16.2 

1300 

13.2 

18.7 

1400 

14.7 

17.7 

1500 

14.1 

21 .3 

1600 

13.6 

21.2 

1700 

12.1 

20.1 

1800 

10 

11.5 

1900 

9.1 

7.5 

2000 

8.5 

6.1 

2100 

7.6 

4.7 

2200 

7 

3.8 

2300 

6.2 

2.3 

2400 

5.8 

0.9 

2500 

5.5 

-0.3 

2600 

5.2 

-1.2 

2700 

5.1 

-0.4 

2800 

4.5 

-1.5 

2900 

4.1 

-1.2 

Ava 

9.03 

9.39 

Std  Dev 

3.36 

8.05 

Day 

Hour 

Soil  Temp 

Air  Temp 

1 7 -Mar-94 

600 

3.3 

0 

Com  2 

700 

3.7 

5 

800 

4.3 

10.2 

900 

4.7 

10 

1000 

6.8 

13.2 

1100 

8.3 

13 

1200 

11.2 

15.5 

1300 

12.3 

18.3 

1400 

12.7 

18.7 

1500 

12.7 

18.7 

1600 

12 

18 

1700 

10.9 

17.7 

1800 

9.6 

10.8 

1900 

8.7 

6.4 

2000 

8.1 

4 

Ava 

8.62 

11.97 

Std  Dev 

3.39 

6.03 

Day 

Hour 

Soil  Tamp 

Air  Tamp 

22-Mar-94 

600 

10.6 

11.7 

Com  3 

700 

10.8 

12.6 

800 

11.5 

14.2 

900 

13 

18.6 

1000 

14.7 

19.8 

1100 

16.2 

22.4 

1200 

16.8 

23.7 

1300 

17.5 

26.6 

1400 

17.6 

25.1 

1500 

17 

25.6 

5.81 

-12.52 

14.35 

0.00 

4.50 

-12.38 

19.90 

0.20 

3.82 

-10.08 

9.78 

0.20 

3.28 

-5.30 

0.98 

0.20 

40.39 

6.14 

0.49 

0.20 

3.26 

-7.48 

0.66 

0.20 

3.55 

-6.17 

0.16 

0.20 

2.59 

-6.35 

0.16 

0.20 

1.62 

-4.82 

0.48 

0.00 

1.60 

-5.10 

0.48 

0.20 

0.64 

-18.58 

1.30 

0.00 

0.00 

-9.28 

3.34 

0.00 

-0.16 

-7.56 

1.02 

0.00 

-0.31 

-5.82 

0.51 

0.00 

-0.16 

-4.38 

0.68 

0.00 

0.00 

-4.12 

0.34 

0.00 

0.34 

-3.86 

0.17 

0.21 

0.00 

-3.47 

0.00 

0.00 

0.00 

-44.27 

0.17 

0.21 

-17.51 

-64.55 

0.00 

0.42 

0.35 

-4.99 

0.17 

0.21 

1.04 

-3.62 

0.17 

0.42 

0.00 

-1.01 

0.17 

0.21 

2.29 

-10.41 

2.36 

0.15 

9.16 

14.62 

5.03 

0.14 

Air  Carrier 

N2  Carrier 

NO  Flux 

NO  2  Flux 

NO  Flux 

N02  Flux 

2.26 

-3.46 

17.56 

1.90 

6.70 

-15.52 

24.07 

0.21 

10.19 

-10.39 

20.28 

0.20 

10.66 

-10.67 

15.77 

0.41 

5.45 

-7.41 

6.80 

0.60 

4.18 

-7.84 

3.82 

0.60 

5.23 

-8.13 

0.82 

0.40 

4.30 

•49.98 

0.65 

0.20 

6.83 

-19.04 

0.81 

0.20 

3.55 

-2.11 

0.65 

0.20 

7.45 

7.85 

2.61 

0.40 

1.95 

-9.55 

0.65 

0.20 

1.33 

-11.57 

0.84 

0.20 

3.26 

-7.22 

1.02 

0.41 

3.95 

-29.20 

1.03 

0.21 

5.15 

-1 2.28 

6.49 

0.42 

2.79 

13.23 

8.40 

0.43 

Air  Carrier 

N2  Carrier 

TJO  Flux 

N02  Flux 

NO  Flux 

N02  Flux 

1.83 

-8.49 

23.34 

3.44 

3.30 

-7.13 

32.57 

1.01 

8.53 

-11 .06 

37.68 

1.00 

8.90 

-13.34 

25.23 

0.79 

6.29 

-4.48 

12.00 

1.57 

4.00 

-3.21 

1.93 

0.58 

3.35 

-2.06 

1.44 

0.39 

4.89 

-7.90 

0.95 

0.38 

3.48 

-4.22 

0.96 

0.39 

3.16 

-8.13 

0.64 

0.58  J 

Day 

23-Mar-94 
Com  4 


Day 

24-Mar-94 
Com  5 


1600 

15.3 

23.8 

2.73 

-1.67 

0.80 

0.39 

1700 

14.6 

23.3 

1.59 

-8.58 

1.28 

0.19 

1800 

13.7 

20 

1.93 

-9.13 

1 .46 

0.39 

1900 

12.8 

14.5 

5.61 

25.33 

2.48 

1.20 

2000 

12 

12.4 

-8.53 

-7.52 

2.33 

2.62 

Ave 

14.27 

19.62 

3.40 

-4.77 

9.67 

1.00 

Std  Dev 

2.43 

5.28 

3.99 

8.94 

13.17 

0.92 

Air  Carrier 

N2  Carrier 

Hour 

Soil  Temp 

Air  Temp 

NO  Flux 

N02  Flux 

NO  Flux 

NO  2  Flux 

600 

9.3 

7.8 

17.03 

-3.58 

24.85 

2.46 

700 

9.7 

16 

14.40 

-7.50 

36.79 

2.19 

800 

10.8 

20 

10.62 

-14.98 

12.47 

1.96 

900 

11.3 

22.3 

13.30 

-28.70 

7.88 

1.95 

1000 

11.8 

23.2 

8.30 

-9.52 

5.93 

1.75 

1100 

13.4 

27.2 

4.71 

-9.78 

2.06 

1.15 

1200 

16.8 

29.5 

5.30 

-3.72 

0.94 

0.95 

1300 

17.8 

29.7 

3.11 

-5.16 

0.78 

0.38 

1400 

18.6 

29.5 

4.36 

-10.67 

0.47 

0.57 

1500 

18.9 

30.2 

1.87 

•4.77 

0.78 

0.38 

1600 

18.2 

29.1 

1.87 

-4.57 

0.79 

0.38 

1700 

18 

28.7 

1.56 

0.49 

0.94 

0.76 

1800 

17.3 

25.1 

0.63 

4.14 

1.27 

0.19 

1900 

16.4 

18.6 

3.09 

0.39 

2000 

15.7 

15.9 

0.33 

-5.01 

2.63 

0.60 

Ave 

14.92 

23.52 

6.24 

-7.38 

6.78 

1.07 

Std  Dev 

3.51 

6.70 

5.54 

7.75 

10.56 

0.78 

Hour 

Soil  Temp 

.-ur  T emp 

Air  irrier 
Nu  Flux 

N02  Flux 

N2  Carrier 
NO  Flux 

N02  Flux 

600 

13.2 

14.8 

2.32 

-1 1 .09 

89.06 

0.40 

700 

13.5 

16.5 

3.95 

-8.37 

96.90 

C.40 

800 

14.4 

19.4 

3.25 

-6.48 

58.60 

0.98 

900 

15.8 

24.3 

4.29 

-3.72 

21.71 

2.71 

1000 

16.7 

27.9 

2.70 

-3.17 

9.31 

1.72 

1100 

18.1 

30.3 

2.84 

-1.41 

0.94 

0.95 

1200 

18.7 

28.1 

0.94 

-1.16 

0.63 

0.38 

1300 

20 

31.5 

3.28 

-3.50 

0.94 

1.13 

1400 

20.7 

32.2 

1.57 

-0.85 

1.24 

0.57 

1500 

20.1 

29.8 

1.25 

-0.11 

0.94 

0.57 

1600 

20.3 

27.5 

1.25 

-2.42 

1.26 

0.57 

1700 

19.9 

28.2 

0.96 

-1 .27 

1.58 

0.76 

1800 

19.4 

25.6 

0.97 

-4.36 

1.75 

0.00 

1900 

18.8 

21.7 

1.60 

-5.86 

3.87 

0.59 

Ave 

17.83 

25.56 

2.23 

•3.84 

20.62 

0.84 

Std  Dev 

2.63 

5.51 

1.16 

3.16 

34.40 

0.68 

Hourly  Averages,  Standard  Deviations 

Winter/Spring  NOx  measurements.  Central  Crops  Research  Station,  Clayton  NC. 

Air  Carrier  N2  Carrier 


Soybean  Hour 

data  600 

600 
ava 

std  dev 

700 

700 

700 

ave 

atd  dev 

800 

800 

800 

800 

ave 

std  dev 

900 

900 

900 

900 

900 

ave 

std  dev 

1000 

1000 

1000 

1000 

ave 

std  dev 

1100 

1100 

1100 

1100 

1100 

1100 

ave 

std  dev 

1200 

1200 

1200 

1200 

1200 

1200 

ave 

etc  dev 

1300 

1300 

1300 

1300 

1300 

1300 

ave 

std  dev 


Soil  Temp 

Air  Temp 

2.10 

0.00 

2.70 

5.00 

2.40 

2.50 

0.42 

3.54 

1.20 

0.50 

2.00 

0.20 

3.30 

10.80 

2.17 

3.83 

1.06 

6.04 

8.10 

12.50 

1.50 

1.90 

2.10 

2.50 

4.80 

15.60 

4.13 

8.13 

3.01 

6.96 

9.10 

13.10 

0.90 

5.00 

2.00 

4.30 

2.80 

6.90 

6.30 

14.30 

4.22 

8.72 

3.40 

4.66 

9.60 

13.60 

1.70 

6.00 

3.60 

9.30 

7.50 

16.50 

5.60 

11.35 

3.60 

4.63 

10.20 

12.30 

11.50 

16.10 

4.00 

8.10 

6.30 

12.00 

6.00 

12.20 

10.10 

19.30 

8.02 

13.33 

2.98 

3.87 

12.50 

13.80 

11.80 

16.00 

6.30 

9.00 

7.70 

13.20 

8.70 

13.70 

12.10 

21.30 

9.85 

14.50 

2.62 

4.04 

14.20 

15.20 

11.60 

15.10 

8.00 

10.50 

9.80 

16.10 

10.50 

15.00 

12.30 

23.00 

11.07 

15.82 

2.14 

4.04 

NO  Flux 

N02  Flux 

-0.33 

5.60 

3.57 

7.58 

1.62 

6.59 

2.76 

1.40 

5.86 

-74.53 

22.42 

4.44 

7.67 

-22.63 

11.99 

-30.91 

9.08 

40.13 

1.65 

0.40 

75.90 

-68.19 

21.27 

-14.92 

6.58 

-10.69 

26.35 

-23.35 

34.07 

30.58 

3.95 

-1.78 

26.52 

-34.58 

39.55 

-52.33 

8.29 

-7.49 

6.94 

-2.01 

17.05 

-19.64 

15.38 

22.74 

3.62 

-2.51 

28.53 

-41.28 

11.20 

-6.59 

5.53 

0.58 

12.22 

-12.45 

11.34 

19.44 

2.31 

-9.83 

2.61 

-2.31 

6.71 

-27.64 

18.52 

-28.38 

7.60 

-1.92 

4.86 

-5.32 

7.10 

-12.57 

5.98 

12.29 

13.15 

-22.94 

0.65 

-2.73 

8.69 

-23.78 

15.81 

-27.18 

4.27 

-6.63 

4.66 

-8.22 

7.87 

-15.25 

5.78 

10.53 

8.18 

-27.05 

0.49 

-3.24 

7.65 

-18.38 

7.82 

-16.64 

5.26 

-9.03 

2.87 

2.47 

5.38 

-1 1 .98 

3.14 

10.80 

NO  Flux 

N02  Flux 

0.87 

0.00 

2.39 

0.41 

1.63 

0.21 

1.08 

0.29 

1.91 

0.00 

1.74 

0.00 

*  02 

1.22 

2.89 

0.41 

1.85 

0.70 

0.66 

0.00 

3.11 

0.00 

5.17 

0.00 

2.96 

0.60 

2.98 

0.15 

1.84 

0.30 

0.17 

0.00 

1.88 

3.31 

3.77 

0.00 

6.78 

0.00 

7.10 

1.00 

3.94 

0.86 

3.03 

1.44 

0.00 

0.00 

0.00 

1.65 

18.83 

0.00 

11.31 

0.99 

7.54 

0.66 

9.23 

0.81 

0.42 

2.02 

0.33 

0.00 

0.00 

0.00 

0.67 

0.00 

33.12 

0.00 

27.12 

1.77 

10.27 

0.63 

15.49 

0.98 

0.00 

0.00 

0.82 

0.00 

0.00 

0.00 

5.80 

0.00 

43.71 

0.00 

31.29 

1.76 

13.60 

0.29 

19.04 

0.72 

0.08 

0.00 

1.48 

0.00 

0.33 

0.20 

7.06 

0.00 

48.29 

0.20 

31.59 

2.33 

14.81 

0.46 

20.33 

0.93 

90 


1400 

14.20 

15.20 

-3.22 

1400 

9.00 

11.60 

4.31 

1400 

10.10 

15.20 

5.56 

1400 

12.10 

16.00 

3.26 

1400 

13.70 

23.90 

2.39 

ave 

11.82 

16.38 

2.46 

std  dev 

2.25 

4.54 

3.39 

1500 

14.10 

15.70 

3.92 

1500 

9.20 

12.20 

2.97 

1500 

10.00 

15.60 

3.27 

1500 

12.80 

17.60 

1.62 

1500 

14.10 

23.60 

2.08 

ave 

12.04 

16.94 

2.77 

std  dev 

2.31 

4.20 

0.92 

1600 

12.50 

16.30 

2.28 

1600 

8.80 

11.80 

0.00 

1600 

9.50 

14.50 

2.95 

1**00 

11.60 

16.60 

2.50 

1600 

13.80 

23.90 

1.29 

ave 

11.24 

16.62 

1.80 

std  dev 

2.08 

4.50 

1.18 

1700 

11.00 

15.00 

0.00 

1700 

8.10 

11.10 

1.00 

1700 

9.30 

13.80 

1.31 

1700 

11.00 

14.30 

62.25 

1700 

13.10 

23.70 

0.95 

ave 

10.50 

15.58 

13.10 

std  dev 

1.90 

4.77 

27.48 

1800 

10.10 

11.60 

0.00 

1800 

7.00 

8.20 

-4.21 

1800 

8.50 

10.60 

1.00 

1800 

9.50 

11.40 

3.21 

1800 

12.00 

18.50 

0.32 

ave 

9.42 

12.06 

0.06 

std  dev 

1.86 

3.85 

2.70 

1900 

6.10 

4.60 

45.51 

1900 

7.30 

5.90 

11.54 

1900 

8.60 

8.70 

2.41 

1900 

11.00 

15.50 

0.83 

ave 

8.25 

8.68 

15.07 

std  dev 

2.10 

4.86 

20.83 

2000 

5.50 

3.50 

133.06 

2000 

6.50 

4.50 

-10.77 

2000 

7.80 

5.90 

44.45 

2000 

10.30 

13.60 

0.33 

ave 

7.53 

6.88 

41.77 

std  dev 

2.08 

4.59 

65.37 

2100 

9.60 

12.00 

0.51 

2200 

9.20 

11.30 

2.34 

2300 

8.70 

10.10 

10.17 

2400 

8.40 

10.00 

40.99 

2500 

8.00 

10.10 

9.01 

2600 

7.70 

10.20 

0.69 

2700 

7.30 

8.50 

3.91 

-14.45 

0.20 

0.00 

-23.97 

0.33 

0.20 

-13.52 

4.61 

0.00 

-6.60 

52.23 

0.00 

19,18 

0.00 

-14.64 

15.31 

0.04 

7.14 

22.05 

0.09 

-2.18 

0.00 

0.00 

-12.49 

0.17 

0.20 

-21.51 

15.30 

0.00 

-3.28 

42.63 

0.00 

-8.30 

10.88 

4.85 

-9.55 

13.79 

1.01 

7.86 

17.45 

2.15 

7.74 

0.00 

O.no 

-23.66 

0.00 

0.00 

-19.94 

16.01 

0.00 

19.83 

0.20 

-6.05 

8.31 

2.91 

-10.48 

8.83 

0.62 

14.31 

9.07 

1.28 

-3.00 

0.08 

0.00 

-21 .89 

0.00 

0.00 

-9.51 

12.25 

0.00 

-37.70 

19.82 

0.20 

-1.57 

8.80 

2.72 

-14.73 

8.19 

0.58 

15.14 

8.44 

1.20 

10.67 

0.00 

0.00 

-55.13 

0.00 

2.05 

-9.21 

21.25 

0.00 

27.60 

12.85 

0.20 

-4.83 

8.30 

1.58 

-6.18 

8.48 

0.77 

30.95 

9.03 

0.97 

-88.63 

0.00 

0.00 

-33.90 

22.46 

0.00 

-30.96 

9.27 

0.20 

9.94 

10.69 

2.00 

-35.89 

10.61 

0.55 

40.46 

9.22 

0.97 

•141.04 

0.69 

0.00 

-37.21 

18.47 

0.00 

-41.45 

6.13 

0.41 

26.01 

9.27 

1.61 

-48.42 

8.64 

0.50 

69.02 

7.45 

0.76 

-8.81 

9.16 

1.62 

1.58 

7.51 

2.02 

23.92 

7.38 

2.44 

38.45 

7.38 

5.49 

17.08 

6.71 

9.56 

4.53 

6.03 

4.47 

-0.33 

5.90 

2.25  91 

2800 

6.90 

7.90 

0.36 

0.54 

5.07 

1.23 

2900 

6.70 

7.00 

0.85 

-0.78 

5.42 

1.23 

Air  Carrier 

N2  Carrier 

Cotton 

Hour 

Soil  T amp 

Air  Tamp 

NO  Flux 

N02  Flux 

NO  Flux 

N02  Flux 

data 

600 

3.80 

4.00 

-11.71 

-53.30 

1.03 

0.42 

600 

3.50 

1.70 

17.69 

2.01 

4.49 

0.21 

600 

13.20 

13.60 

1.01 

-1.93 

1.16 

0.20 

600 

6.20 

6.30 

2.36 

-9.18 

23.11 

0.21 

ava 

6.68 

6.40 

2.34 

-15.60 

7.45 

0.26 

std  dav 

4.51 

5.15 

12.04 

25.56 

10.56 

0.11 

700 

3.90 

3.20 

4.14 

-37.62 

1.37 

0.42 

700 

3.40 

1.80 

7.80 

-6.58 

0.86 

0.42 

700 

7.80 

8.20 

109.55 

-63.49 

3.21 

1.02 

700 

13.30 

14.70 

2.29 

6.38 

4.62 

0.40 

700 

6.60 

7.80 

4.72 

-6.65 

42.43 

0.41 

ava 

7.00 

7.14 

25.70 

-21.59 

10.50 

0.53 

std  dav 

3.97 

5.07 

46.92 

28.47 

17.91 

0.27 

800 

3.90 

3.60 

10.66 

1.01 

1.20 

0.21 

800 

3.30 

2.10 

19.72 

-0.62 

1.04 

0.00 

800 

8.30 

10.20 

19.24 

-24.84 

4.53 

0.61 

800 

13.70 

16.70 

5.55 

-9.29 

5.73 

0.40 

800 

6.90 

8.40 

4.89 

-9.99 

38.96 

0.41 

ava 

7.22 

8.20 

12.01 

-8.75 

10.29 

0.32 

std  dav 

4.17 

5.80 

7.18 

10.27 

16.16 

0.23 

900 

4.00 

3.00 

5.04 

-4.74 

1.72 

0.00 

900 

4.00 

3.30 

14.95 

-20.77 

1.37 

0.00 

900 

9.90 

14.10 

18.45 

-10.19 

6.28 

0.00 

900 

14.80 

20.10 

3.73 

-8.04 

2.11 

0.20 

900 

7.50 

10.00 

4.00 

-11.31 

28.68 

0.41 

ava 

8.04 

10.10 

9.23 

-11.01 

8.03 

0.12 

std  dav 

4.53 

7.29 

6.95 

6.00 

11.71 

0.18 

1000 

4.20 

2.50 

10.50 

15.11 

3.96 

0.00 

1000 

5.00 

4.20 

18.01 

-23.75 

1.20 

0.00 

1000 

13.20 

21.20 

6.90 

-6.34 

30.17 

3.91 

1000 

15.90 

25.10 

4.60 

-6.81 

7.01 

0.97 

1000 

9.20 

16.10 

7.85 

-16.35 

12.31 

1.00 

ava 

9.50 

13.82 

9.57 

-7.63 

10.93 

1.17 

std  dav 

5.08 

10.09 

5.17 

14.62 

11.52 

1.61 

1100 

4.30 

3.30 

8.94 

-3.54 

3.95 

0.00 

1100 

5.00 

4.60 

14.20 

-14.42 

0.85 

0.00 

1100 

13.90 

24.30 

5.73 

-6.84 

39.27 

2.32 

1100 

16.30 

27.80 

3.16 

-3.59 

16.41 

1.34 

1100 

11.90 

20.90 

5.47 

-3.23 

2.75 

0.39 

ava 

10.28 

16.18 

7.50 

-6.32 

12.65 

0.81 

std  dev 

5.38 

11.44 

4.27 

4.76 

16.09 

1.01 

1200 

4.80 

3.80 

3.43 

-0.57 

C.69 

0.00 

1200 

4.90 

4.80 

8.89 

-11.10 

0.85 

0.00 

1200 

17.70 

28.20 

4.43 

-6.11 

6.30 

1.72 

1200 

18.20 

30.10 

6.86 

-4.04 

6.58 

1.33 

1200 

13.00 

22.70 

3.06 

-11.22 

1.44 

0.39 

ava 

11.72 

17.92 

5.33 

-6.61 

4.37 

0.69 

std  dav 

6.59 

12.73 

2.48 

4.60 

2.95 

0.79  C 

1300 

5.00 

4.20 

3.24 

-1.09 

10.79 

0.00 

1300 

5.00 

5.40 

8.54 

-12.60 

0.68 

0.00 

1300 

18.00 

26.20 

2.57 

-2.98 

5.24 

0.38 

1300 

20.10 

31.50 

2.33 

-2.74 

2.49 

0.76 

1300 

11.00 

14.50 

4.44 

-19.77 

0.99 

0.20 

ave 

11.82 

16.36 

4.22 

-7.84 

4.04 

0.27 

std  dev 

7.08 

12.22 

2.55 

8.07 

4.18 

0.32 

1400 

5.10 

4.10 

1.57 

-5.28 

17.81 

0.21 

1400 

5.60 

6.60 

5.47 

-7.78 

1.53 

0.00 

1400 

17.60 

27.60 

1.88 

-2.96 

2.68 

0.00 

1400 

21.00 

31.20 

1.26 

-1.27 

1.72 

0.57 

1400 

11.80 

20.40 

4.67 

0.07 

0.81 

0.20 

ave 

12.22 

17.98 

2.97 

-3.44 

4.91 

0.19 

std  dev 

7.08 

12.20 

1.95 

3.14 

7.24 

0.23 

1500 

5.00 

3.70 

1.39 

0.99 

10.64 

0.21 

1500 

6.70 

7.10 

2.92 

-12.70 

0.85 

0.00 

1500 

17.80 

26.80 

1.11 

-2.40 

2.85 

0.00 

1500 

20.10 

28.30 

0.94 

-0.78 

1.42 

0.19 

1500 

12.60 

18.60 

2.26 

-0.45 

0.65 

0.20 

ave 

12.44 

16.90 

1.72 

-3.07 

3.28 

0.12 

std  dev 

6.63 

11.19 

0.84 

5.52 

4.20 

0.11 

1600 

5.00 

3.50 

2.73 

-1.40 

19.05 

0.00 

1600 

6.30 

7.80 

2.19 

-4.65 

0.85 

0.00 

1600 

17.80 

27.80 

1.42 

-9.55 

3.63 

0.00 

1600 

18.80 

28.00 

1.57 

-2.86 

1.10 

0.00 

1600 

13.20 

19.70 

2.60 

-3.63 

0.65 

0.39 

ave 

12.22 

17.36 

2.10 

-4.42 

5.06 

0.08 

std  dev 

6.38 

11.30 

0.59 

3.10 

7.92 

0.18 

1700 

4.70 

3. 1C 

1.02 

0.22 

15.13 

0.00 

1700 

6.20 

8.10 

1.19 

1.07 

0.34 

0.00 

1700 

17.30 

27.00 

1.26 

-3.05 

4.43 

0.00 

1700 

18.20 

27.00 

0.94 

-2.68 

2.06 

0.00 

1700 

13.20 

20.20 

0.05 

-4.01 

0.49 

0.20 

ave 

11.92 

17.08 

0.89 

-1.69 

4.49 

0.04 

std  dev 

6.22 

10.98 

0.49 

2.20 

6.17 

0.09 

1800 

4.50 

3.50 

0.52 

1.25 

12.53 

1800 

5.80 

7.20 

-0.11 

0.14 

2.20 

0.21 

1800 

16.30 

22.00 

1.60 

-0.84 

7.08 

0.00 

1800 

17.80 

23.60 

0.66 

-6.18 

4.64 

0.19 

1800 

12.50 

16.60 

0.30 

-23.16 

0.49 

0.99 

ave 

11.34 

14.58 

0  47 

-5.76 

5.39 

0.35 

std  dev 

5.97 

8.91 

0.75 

10.14 

4.71 

0.44 

1900 

4.30 

3.20 

0.52 

2.91 

12.03 

0.00 

1900 

5.20 

6.30 

0.70 

3.10 

4.25 

2.06 

1900 

15.20 

18.70 

0.65 

-1 .56 

8.95 

0.00 

1900 

16.60 

20.30 

0.00 

4.38 

2.91 

0.20 

1900 

12.00 

16.00 

0.35 

3.37 

0.66 

0.40 

ave 

10.66 

12.90 

0.44 

2.44 

5.76 

0.53 

std  dev 

5.66 

7.68 

0.28 

2.31 

4.63 

0.87 

2000 

4.10 

3.00 

3.10 

2.72 

11.69 

0.00 

2000 

5.00 

6.70 

0.70 

11.65 

5.60 

0.21 

2000 

14.80 

17.40 

0.17 

1.87 

8.99 

0.00 

2000 

16.10 

19.80 

0.52 

0.03 

2.92 

0.20  93 

Com 

data 


2000 

11.30 

11.70 

0.33 

-15.79 

0.67 

2.22 

ave 

10.26 

11.72 

0.96 

0.10 

5.97 

0.53 

std  dev 

5.51 

7.05 

1.21 

9.95 

4.46 

0.95 

2100 

4.60 

6.10 

0.72 

2.87 

5.61 

0.00 

2100 

10.50 

9.70 

1.51 

-11.55 

1.18 

2.24 

ava 

7.55 

7.90 

1.12 

-4.34 

3.39 

1.12 

std  dev 

4.17 

2.55 

0.56 

10.20 

3.14 

1.58 

2200 

4.30 

6.00 

1.04 

1.41 

5.44 

0.21 

2200 

9.70 

9.80 

0.36 

-5.82 

1.01 

0.20 

ave 

7.00 

7.90 

0.70 

-2.20 

3.23 

0.20 

std  dev 

3.82 

2.69 

0.48 

5.11 

3.14 

0.00 

2300 

9.20 

11.60 

-0.31 

1.14 

1.00 

0.61 

2400 

9.00 

12.00 

1,02 

-1.67 

0.83 

0.00 

2500 

8.80 

11.60 

0.51 

-1.29 

1.50 

0.00 

2600 

8.70 

10.90 

0.69 

-1 .62 

0.84 

0.00 

2700 

8.90 

10.80 

-0.28 

-0.95 

1.17 

0.20 

2800 

8.50 

10.00 

0.02 

-0.64 

1.17 

0.20 

2900 

8.20 

8.80 

0.23 

0.99 

0.67 

0.20 

Hour 

Soil  Temp 

Air  T  emp 

Air  Carrier 
NO  Flux 

N02  Flux 

N2  Carrier 
NO  Flux 

N02  Flux 

600 

8.00 

7.10 

0.34 

-1 0.25 

1.19 

0.41 

600 

3.30 

0.00 

2.26 

-3.46 

17.56 

1.90 

600 

10.60 

11.70 

1.83 

-8.49 

23.34 

3.44 

600 

9.30 

7.80 

17.03 

-3.58 

24.85 

2.46 

600 

13.20 

14.80 

2.32 

-1 1 .09 

89.06 

0.40 

eve 

8.88 

8.28 

4.76 

-7.37 

31.20 

1.72 

std  dev 

3.66 

5.58 

6.91 

3.64 

33.68 

1.32 

700 

8.10 

11.50 

5.81 

-12.52 

14.35 

0.00 

700 

3.70 

5.00 

6.70 

-15.52 

24.07 

0.21 

700 

10.80 

12.60 

3.30 

-7.13 

32.57 

1.01 

700 

9.70 

16.00 

14.40 

-7.50 

36.79 

2.19 

700 

13.50 

16.50 

3.95 

-8.37 

96.90 

0.40 

eve 

9.16 

12.32 

6.83 

-10.21 

40.94 

0.76 

std  dev 

3.63 

4.62 

4.45 

3.67 

32.44 

0.88 

800 

8.30 

10.80 

4.50 

-12.38 

19.90 

0.20 

800 

4.30 

10.20 

10.19 

-1 0.39 

20.28 

0.20 

800 

11.50 

14.20 

8.53 

-11.06 

37.68 

1.00 

800 

10.60 

20.00 

10.62 

-14.98 

12.47 

1.96 

800 

14.40 

19.40 

3.25 

-6.48 

58.60 

0.98 

ave 

9.82 

14.92 

7.42 

-1 1 .06 

29.79 

0.87 

std  dev 

3.78 

4.63 

3.36 

3.10 

18.58 

0.73 

900 

9.00 

13.30 

3.82 

-10.08 

9.78 

0.20 

900 

4.70 

10.00 

10.68 

-10.67 

15.77 

0.41 

900 

13.00 

18.60 

8.90 

-13.34 

25.23 

0.79 

900 

11.30 

22.30 

13.30 

-28.70 

7.88 

1.95 

900 

15.80 

24.30 

4.29 

-3.72 

21.71 

2.71 

ave 

10.76 

17.70 

8.19 

-13.30 

16.07 

1.21 

std  dev 

4.20 

6.00 

4.09 

9.30 

7.46 

1.08 

1000 

10.40 

16.60 

3.28 

-5.30 

0.98 

0.20 

1000 

6.80 

13.20 

5.45 

-7.41 

6.80 

0.60 

1000 

14.70 

19.80 

6.29 

-4.48 

12.00 

1.57  C 

1000 

11.80 

23.20 

8.30 

-9.52 

5.93 

1.75 

1000 

16.70 

27.90 

2.70 

-3.17 

9.31 

1.72 

ave 

12.08 

20.14 

5.20 

-5.98 

7.00 

1.17 

std  dev 

3.84 

5.71 

2.28 

2.51 

4.11 

0.72 

1100 

13.00 

18.70 

40.39 

6.14 

0.49 

0.20 

1100 

8.30 

13.00 

4.18 

-7.84 

3.82 

0.60 

1100 

16.20 

22.40 

4.00 

-3.21 

1.93 

0.58 

1100 

13.40 

27.20 

4.71 

-9.78 

2.06 

1.15 

1100 

18.10 

30.30 

2.84 

-1.41 

0.94 

0.95 

av« 

13.80 

22.32 

11.22 

-3.22 

1.85 

0.70 

std  dev 

3.72 

6.85 

16.32 

6.23 

1.28 

0.37 

1200 

13.60 

16.20 

3.26 

-7.48 

0.66 

0.20 

1200 

11.20 

15.50 

5.23 

-8.13 

0.82 

0.40 

1200 

16.80 

23.70 

3.35 

-2.06 

1.44 

0.39 

1200 

16.80 

29.50 

5.30 

-3.72 

0.94 

0.95 

1200 

18.70 

28.10 

0.94 

-1.16 

0.63 

0.38 

ave 

15.42 

22.60 

3.61 

-4.51 

0.90 

0.46 

std  dev 

2.99 

6.53 

1.79 

3.15 

0.33 

0.28 

1300 

13.20 

18.70 

3.55 

-6.17 

0.16 

0.20 

1300 

12.30 

18.30 

4.30 

-49.98 

0.65 

0.20 

1300 

17.50 

26.60 

4.89 

-7.90 

0.95 

0.38 

1300 

17.80 

29.70 

3.11 

-5.16 

0.78 

0.38 

1300 

20.00 

31.50 

3.28 

-3.50 

0.94 

1.13 

ave 

16.16 

24.96 

3.83 

-14.54 

0.70 

0.46 

std  dev 

3.27 

6.15 

0.75 

19.87 

0.32 

0.39 

1400 

14.70 

17.70 

2.59 

-6.35 

0.16 

0.20 

1400 

12.70 

18.70 

6.83 

-1 9.04 

0.81 

0.20 

1400 

17.60 

25.10 

3.48 

-4.22 

0.96 

0.39 

1400 

18:60 

29.50 

4.36 

-10.67 

0.47 

0.57 

1400 

20.70 

32.20 

1.57 

-0.85 

1.24 

0.57 

ave 

16.86 

24.64 

3.77 

-8.23 

0.73 

0.38 

std  dev 

3.17 

6.41 

2.00 

7.02 

0.42 

0.19 

1500 

14.10 

21.30 

1.62 

-4.82 

0.48 

0.00 

1500 

12.70 

18.70 

3.55 

-2.11 

0.65 

0.20 

1500 

17.00 

25.60 

3.16 

-8,13 

0.64 

0.58 

1500 

18.90 

30.20 

1.87 

-4.77 

0.78 

0.38 

1500 

20.10 

29.80 

1.25 

-0.11 

0.94 

0.57 

ave 

16.56 

25.12 

2.29 

-3.99 

0.70 

0.35 

std  dev 

3.13 

5.09 

1.01 

3.04 

0.17 

0.25 

1600 

13.60 

21.20 

1.60 

-5.10 

0.48 

0.20 

1600 

12.00 

18.00 

7.45 

7.85 

2.61 

0.40 

1600 

15.30 

23.80 

2.73 

-1.67 

0.80 

0.39 

1600 

18.20 

29.10 

1.87 

-4.57 

0.79 

0.38 

1600 

20.30 

27.50 

1.25 

-2.42 

1.26 

0.57 

ave 

15.88 

23.92 

2.98 

-1.18 

1.19 

0.39 

std  dev 

3.37 

4.53 

2.56 

5.25 

0.84 

0.13 

1700 

12.10 

20.10 

0.64 

-18.58 

1.30 

0.00 

1700 

10.90 

17.70 

1.95 

-9.55 

0.65 

0.20 

1700 

14.60 

2?,  .30 

1.59 

-8.58 

1.28 

0.19 

1700 

18.00 

28.70 

1.56 

0,49 

0.94 

0.76 

1700 

19.90 

28.20 

0.96 

-1.27 

1.58 

0.76 

ave 

15.10 

23.60 

1.34 

-7.50 

1.15 

0.38 

std  dev 

3.82 

4.86 

0.53 

7.60 

0.36 

0.36 

1800 

10.00 

11.50 

0.00 

-9.28 

3.34 

0.00 

1800 

9.60 

10.80 

1.33 

-11.57 

0.84 

0.20 

1800 

13.70 

20.00 

1.93 

-9.13 

1.46 

0.39 

1800 

17.30 

25.10 

0.63 

4.14 

1.27 

0.19 

1800 

19.40 

25.60 

0.97 

-4.36 

1.75 

0.00 

ave 

14.00 

18.60 

0.97 

-6.04 

1.73 

0.16 

std  dev 

4.34 

7.15 

0.73 

6.27 

0.96 

0.16 

1900 

9.10 

7.50 

-0.16 

-7.56 

1.02 

0.00 

1900 

8.70 

6.40 

3.26 

-7.22 

1.02 

0.41 

1900 

12.80 

14.50 

5.61 

25.33 

2.48 

1.20 

1900 

16.40 

18.60 

3.09 

0.39 

1900 

18.80 

21 .70 

1.60 

-5.86 

3.87 

0.59 

ave 

13.16 

13.74 

2.58 

1.17 

2.29 

0.52 

std  dev 

4.44 

6.72 

2.46 

16.12 

1.26 

0.44 

2000 

8.50 

6.10 

-0.31 

-5.82 

0.51 

0.00 

2000 

8.10 

4.00 

3.95 

-29.20 

1.03 

0.21 

2000 

12.00 

12.40 

-8.53 

-7.52 

2.33 

2.62 

2000 

15.70 

15.90 

0.33 

-5.01 

2.63 

0.60 

ave 

11.08 

9.60 

-1.14 

-11.89 

1.62 

0.86 

std  dev 

3.55 

5.51 

5.27 

11.59 

1.02 

1.20 

2100 

7.60 

4.70 

-0.16 

-4.36 

0.68 

0.00 

2200 

7.00 

3.80 

0.00 

-4.12 

0.34 

0.00 

2300 

6.20 

2.30 

0.34 

-3.86 

0.17 

0.21 

2400 

5.80 

0.90 

0.00 

-3.47 

0.00 

0.00 

2500 

5.50 

-0.30 

0.00 

-44.27 

0.17 

0.21 

2600 

5.20 

-1.20 

-17.51 

-64.55 

0.00 

0.42 

2700 

5.10 

-0.40 

0.35 

-4.99 

0.17 

0.21 

2800 

4.50 

-1.50 

1.04 

-3.62 

0.17 

0.42 

2900 

4.10 

-1 .20 

0.00 

-1.01 

0.17 

0.21 
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From:  Department  of  Marine,  Earth  and  Atmospheric  Sciences  (MEAS) 

Subject:  Completion  of  Master  of  Science  Degree  Requirements 

I  hereby  certify  that  Capt  Benny  D.  Holbrook,  has  completed  all 

requirements  for  the  MS  degree  in  Atmospheric  Science,  and  will  receive  this  degree  on  21 
December,  1994 

LeonarqT  Pietrafesa 
Department  Head, 


Box  8208 

Ralegh,  NC  27895-8208 
(919)  515-3711 
FAX:  (919)  515-7802 


North  Carolina  State  University  is  a  land-grant  university  and  a  constituent  institution  of  The  University  of  North  Carolina. 


TO:  4  MSSQ/MSM 

FROM^  mssq/msmr 

TELEPHONE 

1215  MARTIN  ST 

1215  MARTIN  ST.  ROOM  11 

SEYMOUR  JOHNSON  AFB  NO  27531 

SEYMOUR  JOHNSON  AFB  NO  27531 

08  (i  7 

THE  FOLLOWING  ORDER  IS:  E£1  AMENDED  AS  SHOWN  L\  ITEM  5(  U  R<->amW  U  R.-vok.-J  U  T. .tally  (&J  Iu  Part) 

REQUEST  AVD  AUTHORIZATION  FOR  CHANGE  OF  ADMINISTRATIVE  ORDERS 

(II  more  b  required.  u>e  reverse.  »«leatifyiu£  item?.  by  number) 


IDENTIFICATION  OF  ORDER  DEINO  CHANGED  (Issued  l»y  this  Headquarters  unless  otherwise  stared  m  item  G. ) 


1. 

Basic 

ORDER - 

A.  PARA 

B.  ORDER  (Type 
ami  Number) 

SO  A- 800 

0.  DATE 

29  JUN04 

D. 

TED  SEP94 

®P'  5  WITH  rCA  IEDOSAI 
□  res  WITHOUT  PCA 

A,  TARA 

B  <  >RDER  (Tyjh- 
ami  Nnml*ei  | 

<•  date 

AAN :  0  9  4  ONL  2  4  7  8  CAFSC:  0 1 5W1  RNLTD : 

334  TECHNICAL  TRAINING  SQ  (AETC)  KESSLER  AFB  MS 


30SEP94 
39  5  3  4  -  5000 


4.  IDENTIFICATION  OF  individuals  TO  WHOM  CHANCE  A<  moN  PERTAINS 


A.  GRADE 

CPT 


B.  LAST  NAME.  FIRST.  MIDDLE  INITIAL 

HOLBROOK  BENNY  D 


5.  AMENDMENT  ( Identify  it<nu  in  onto  bon;;  amondoil) 


C.  SSAN  OR  CIVILIAN  POSITK'>N  TITLE 


D.  <  iRGANIZATIoN 
AT  INST  i  >F  TECH 


A.  ITEM  AS  READS 


IS  AMENDED  TO  READ 


B.  ITEM 

24 


IS  AMENDED  TO  |Iurlu<l<-)  ~~ .  . . 

AFIT  START  DATE:  5  AUG  9 t  AFIT  STOP  DATE 

AUG  9  4  . 


1  5 


C.  REMARKS 

ORDERS  AMENDED  TO  INCLUDE  AFIT  START/ STOP  DATE. 


7.  ACCOUNTING  CITATION  r 


743500  324  5752.0*  503725  ATAO  : 

NTSC:  5743500  324  5 7 5 8 . ON  503725 


F47B20 


8.  DATE 


5 AUG 9 4 


9.  ISSUING/ APPROVING  OFFICIAL  (Typ.-.l  imiii.-.  sm.l  till.-) 

DAVID  .1.  FISHMAN.  TSGT.  USAF 
PERSONNEL  RELOCATIONS  MANAGER 


HI.  SIGNATURE 


'VvA'M- 


II.  DESIGNATION  AND  LOCATION  OF  HEADQUARTERS 


12.  ORDER  (Type  and  Number) 


13.  DATE 


DEPARTMENT  OF  THE  AIR  FORCE 
4TH  MISSION  SUrrORT  SQUADRON  |  ACC  ) 
1215  MARTIN  ST.  ROOM  II 
SEYMOUR  JOHNSON  AFB  NO  27531 


SO  A-959 

14.  TDN 


5AUG94 


is. 


DISTRIBUTION 


FOR  THE  COMMANDER 

1C.  SIGNATURE  ELEMENT  OF  ORDERS  AUTHENTICATION  i  'FFHAL 


'A' 

GAINING  MPF:  8  1  MS  SQ/MS.MR 

KESSLER  AFD  MS  39534 


USAF 

FLICHT 


AFWfe  973  (Computer  OnenitM) 


REQUEST  AND  AUTHORIZATION  FOR  PERMANENT  CHANGE  OF  STATION  -  MILITARY 

(THIS  FORM  IS  SUBJECT  TO  T'  PRIVACY  ACT  OF  1974  -  USE  BLANKET  PAS  -  AF  FORM  11) 


The  following;  individual  will  proceed  on  permanent  change  of  station:  Q  PCS  without  PCA 


1.  GRADE.  NAME  (Last.First.  Middle  Initial) 

CPT  HOLBROOK  BENNY  D 


4.  SECURITY  CLEARANCE  (Include  date  of  last  investigation) 


7.  TOY  ENROUTE 


5.  REPORT  TO  COMDR. 
NEW  ASSIGNMENT. 
NIT  <14  0  9  3  0 


PCS  with  PCA  TED:  S 


3.  SAFSC/CAFSC 

0  1  5Wl 


6.  TRAVEL  DAYS  AUTHORIZED  IF 
TRAVELING  BY  PRIVATELY  OWNED 
CONVEYANCE  t 


3^00  )<f  SboAC 
RQ|€:qh  tOG  P7(r3/-SCtoSr 


8.  UNIT. MAJOR  COMMAND  AND  AOORESS  OF  UNIT  TO  WHICH  ASSIGNED  9.  UNIT.MAJOR  COMMAND  AND  ADDRESS  OF  UNIT  FROM  WHICH 

RELIEVED 

334  TECHNICAL  TRAINING  SQ  (AETC  AF  INST  OF  TECH  IN  OL  SM04 


334  TECHNICAL  TRAINING  SQ  (AETC 
KESSLER  AFB  MS  39534-5000 


RALEIGH  CTY  NC  27607 


10.  TYPE  OF  TOUR  Q  ACCOMPANIED  Q  UNACCOMPANIED 
□  UNACCOMPANIED.  DEPENDENTS  RESTRICTED 


EPENDENT  TRAV 

•  □  CONCURRENT  TRAVEL  IS  AUTOMATIC 
B.  _  CONCURRENT  TRAVEL  IS  APPROVED 
.  .  NONCONCURRENT  TRAVEL  IS  AUTHORIZED  IN  LESS  THAN  20  WEEKS 
m  NONCONCURRENT  TRAVEL  IS  AUTHORIZED  IN  MORE  THAN  20  WEEKS 
J  TRAVEL  IS  AUTHORIZED  TO  A  DESIGNATED  PLACE 


15.  AUTHORITY  FOR  CCTVL 


11.  TOUR  LENGTH(TOTAL  NO.  OF  12.  f]  EXTENDED 
MONTHS>  LONG  TOUR  VOL 


THIS  IS  A  JOIN-SPOUSE  ASSIGNMENT 
(INCLUDE  SPOUSE  S  NAME.SSNAND  PAY  GRADE ) 


16.  HOMEBASING /FOLLOW-ON  ASSIGNMENT  (INCLUDE  AAN.GPASAND  RNLTD) 


.  DEPENDENTIS JUST  NAMES.  DOB  OF  CHILDREN.RELATIONSHIP  TO  MEMBER  AND 
CURRENT  ADDRESS) 


19.  OVERSEAS  TRANSPORTATION  DATA: 

BA.  Comply  with  MTA  (DD  Form  1482)  □  C  TDY  stal 

B.  Merntw  will  comply  with  reporting  time  and  flight  reservations  in 

the  MTA  or  as  arranged  by  the  TMO  per  AFP  75-8.  and  is  no}  n  „  MTA  or  < 

authorized  to  depart  this  station  before  receipt  of  validated  MTA  or  Li  0*  Dependei 

GTRISFUMT from  the  TMO.  reservatK 


20.  PCS  EXPENSE  CHARGEABLE  TO  (Insert  M.DM.G.FA.S.C.  T.  or  Y) 

5743500  324  5752.0*503725 

CIC  TAC.  ATAC:  F4 

NONTEMPORARY  STORAGE  CHARGEABLE  TO  5743500  324  5758. ON  503725 


22.  TDY  EXPENSE  CHARGEABLE  TO 


n  C  TDY  nation  will  obtain  flight  reservations.  Member  is  not 
authorized  to  depart  TDY  station  before  receipt  of  validated 
_  „  MTA  or  GT>(SF  1169)  from  the  TMO. 

_  M  D.  Dependents)  will  comply  with  rep  uting  data  and  flight 

reservations  in  the  MIX 


an 


21.  AUTHORITY  AND  PCS  COOE 
AFR  36-20.  PCS  ID:  C 

AAN:  0940NL2478 


23.  EXCESS  BAGGAGE  AUTHORIZATION 
PIECES  LBS 


90-1.  you  will  report  to  the  base  housing  referral  office  servicing  your  new  duty  station  before  entering  any  rental,  lease,  or 
base  nousing. 


REMARKS  (Submit  travel  voucher  within  5  workdays  alter,  completion  oi  travel  If  TDY  emoute  is  authorized,  attach  receipts  showing  cost  of  ad 
lodgings  used.  AM  promotional  items  incurred  white  PCS/TDY  must  be  turned  m  to  AFO  upon  arrival  at  gaining  base.) 

ITEMS  l,  2,  13  AND  15  ON  REVERSE  APPLY. 


25.  DATE 


28JTTN94 


25.  CBPO  OFFICIAL  (Type  Name  and  Grade ) 

DAIVD  J.  FIHSMA-N'.  TSGT.  USAF 
PERSONNEL  RELOCATIONS  MANAGER 


raWTiTtTrri-t 


S  OF  GAINING  CBPO 
81  MSSq  KEESLER  .AFB  MS  30534 


29.  SPECIAL  OROER  NO. 

A— 800 


33.  SIGNATURE  EUEmN' 


DONNELL  E.\rajti*S_£ 
CHIEF,  MILirArateg 


THENT1CAT1NG  OFFICIAL 


PREVIOUS  EDITIONS  ARE  OBSOLETE 


(Computer  Generated) 


Mrena  JTCN  a*  .  cmu(  rnoa  OM  TO  i 


;  ****  mc  mi  axes  trrui 


*-  Thirty  «ri  yrlM  la  ym  rrajactsM  t^HUn  Bata,  nitn  la  -----  — 

Milnaaau.  U<t  OM  Wilt  utMila  yw  flMal - frr  .ml  J.  aaaaiataaal. 

railara  la  caaply  ceslM  result  la  Mslaylay  yaw  satyrsssssif  saM  Myaftm. 

J.  Oaalacl  Military  ray,  iraaaaf  lay  saM  -f - a*sa  yaa  ara  MlUi  M  Maya  of  yaw 

PreJectaM  Myaitm  Mala  la  Mafia  eatyswwsley  actiaaa. 

1.  Mayart  la  MLT  J  Mays  friar  la  yaw  flaal  aaty so  cassias  Mala  la  aMiaia  yaw 
Military  Traaayartatiaa  Aatharisetiaa  (ISM). 

1.  MaaMar  is  aatkariisM  «  Maya  yraiaaM  liaa.  fOOacasayaaleM  everasst  aai'y) 

».  Marly  rayaniay  la  aalMwiaaM  at  IMa  Miaaratiee  a*  «Ma  Ml  CaaaMar. 

i.  This  aaaiyaaiat  is  at  (a)  faassUarias)  (M)  lyaclal  Maty  lniiamti  (c)  BW; 
(M)  COMBS  Cxcbaaya:  (a)  emissive)  (I)  1MT)  («)  TW. 


7.  MaaMar  has  aa  syyraes!  ■aaa-Sitlay  Mays  saM  has  syrasi  sal  la  raises ta 
SiyraSrata.  shiy  POO.  aaaa  ar  stars  laintoli  fsaMa,  at  yimsaisl  ssyaaaa  w 
yarasMSl  sryssaa. 

1.  MaaMar  has  aa  ayyrssaM  raliaa  Os  Maya  saM  has  syrni  aat  la  rolacata  MsyaaMsals. 
shiy  ror,  aaaa  ar  stars  haaashslM  yssMs,  al  ymnsut  siymi  ar  yarssai)  asysasa, 
aaaayl  ta  the  raliaa  ta  lamias. 


*.  La  ys rasas  a  falsa  asts  arias  part  naira  aata  sathwi nia  yw  las  aathariMaMaa 
ailitaraa  easy  st  sets  Ms  las  KstaMas  BsiMw  Ms  Marias  yets  aatrsr  a  sallr  Ms  Say  ass 
aa  aisiaa  aficial  aastiMa  Ms  civil  a  ailitsr. 

10.  Caacarrsat  travel  a(  Ssysaisata  ass  aathsrisaM  ay  ta  «  earths  hayaeM  syeeser't 
rayon  aa  latar  thaa  aaath. 

• 

11.  Msalyaasat  la  a  r seals  rts ties  la  Mlasha.  OeyaaMaata  an  an  aotharisaM. 

Alrosa  ara  allsvsM  1  yieces  a(  rharlisM  hsyyaya  saM  1  rises  ef  carry -aa  layyaya 
aaroata  to  HoesMerf  MTS  (IWI).  total  aaiyht  allaosaca  al  rhsChaM  hayysya  asst  sot 
aacaaM  1*0  lhs.  ea  arrival  at  nit  aa  sMMitisasI  yiaca  al  chsehsM  hayysys  oil!  ha 
aathorisaM  lar  issaaaca  at  Military  arctic  year,  total  civets!  hsyysys  Irso  S*r*  ta 
raaata  alts  awt  an  aacaaM  310  lhs.  arses  33X33,  M3ZXZ,  SSZXX,  saM  VO 2X0  ara 
aathorisaM  IS  Mays  TOT  assorts  asM  all  sthw  JUraCs  an  aathsrisaM  S  Maya  TOT  aereote 
ta  CATS  lar  yeses ss lay  aaM  traasyartatiaa  ta  the  fiaal  Mestiaatiee.  thiyaeat  al  ror 
u  an  aathorisaM.  nr  east  hslM  a  veliM  ymnsirt  Mrlvsrm  Harass  saM  ha  saall 
area  floallfleM  yriw  ta  arrival.  Sayan  ta  3  MSSQ/MSTBM.  SAD  «U  the  lint  Mat y  May 
altar  arrival. 

13.  MaaMar  aethwiseM  rav  travel  via  Alaska  Siyhaey  iaclsMisy  Alaska  Marias  Biykaay 
Systaa. 

I).  Cksaya  ia  aarital  states  skaalM  Ms  rayanaM  ta  Oathsaat  Assiyaasats  asat. 

I*.  MaaMar  aatkwltsM  loll  JIT*  velyfct  sllaassca  lar  alsctisy  tka  AccaaysaiaM  hy 
Bayaadaots  tsar. 

IS.  MaaMar  aatkarisaM  •  Mays  yrraissiva  TOT  !w  tka  yasyasa  al  kaaas  fcaatisy. 

Maabar  shoalM  rsyart  ta  the  has#  Beasley  Oilier  halers  vstsrisy  lata  say  rastal. 
laasa  ar  yarchasa  ayraaaaats  fw  all  has#  hew  ley. 

14 .  Masks r  aathsrisaM  3000  lhs  as  3S1  al  rail  JTT1  veiybt  allepyace  ahichavrr  is 
yrsslar. 

17.  Maahar  aatharlsoM  ta  asa  3  yrivetsly  anaaM  aaavayaaeas  ia  car)  sect  i  as  .1U  this 
save.  Detersiaatiea  al  syeclel  sathwisatiaa  winaiaaM  is  «  MSSQ/KSNUO. 

IS.  KATO  TKAVSL  OMCt/aOU  SC  MISSION  0TAS 

Cosstry  al  Oriylac  OaitaM  states  OsMar  Mwhara  act  ITTM  77 
PsyS  Me  aravsasarat  Msasra  Me  sariasi  set  ITtM  17 

.  Tka  hearer  (saM  fresy  aa  shew  haraa  ar  ettecSeM  list)  U  yartaar  (at 
l  irsarssl  yens  cl-Massaa  aa  sar  la  lists  }siau) 

LCt  USX  1  asM  ITtM  3  (ar  hosrvr  aaM  TTPI  17  lar  yraay  if  applicable. 

2.  MILL  TMTtL  nilM  Stt  ITTM  7  ta  ICC  ITtM  » 
rt*A  HotnrgKprr  DC  «tt  True  7  ta  set  ITtM  s 

, l. _ 0a t •  el  Meyertere  Stt  ITtM  S 

,ii  Data  Ms  'Msysn  ttt  ITtM  S 

1.  Aethorfty  Is  an  yraateM  ta  yassas  saM  carry  (irasros. 

Astarisatlaa  Ms  yen  M'srevt  ass  accorMw. 

«.  The  parses  asasd  ia  yerayrayh  i  is  sstkarissM  ta  earn  ttt  Ills  74 
Ls  yaraeaaa  iadifaee  aa  ysrayrsyka  1  rat  sstarisas  a  parts  saslatf  dispatches 


SEC  ITtM  74 

plis  acslles,  as  caatlaaasat  yss  Met  iscsassts  sfficialt.  awsralat 

S.  1  harahy  csrtyily  that  this  iaMieiMsal/yreop  is/arv  ssahvrls)  al  •  (arcs 


ss  MaflaeM  ia  ths  MATO  ftstas  ef  rarest  Sfrvsacst.  saM  list  this  is  ss  sstkarissM 
ao.s  saMsr  tks  tents  af  this  syrsseest. 

is  sesssiyat  csrtilis  qvv  Is  psrsaassl  vist  sppsrtisst  s  sm  srwv  tells  fsv  Mcfisr 
Msas  l*AecorM  0TAM  ssr  lv  ststss  Mss  rarest  srasss  st  frt  ee  Msplsesasat  sst  official 
ssioa  las-tarass  Ms  cs  AecarM. 

4.  This  trass  1  orMcr  is  ta  as  yredvcsM  tv  civil  saM  Military  avtberitivs  aa  rsqvsst 
Cat  orMre  Ms  sisaios  cssrs  strs  pressats  tvs  MssssMs  svtontss  cisilss  st  ailitsirss 

rOA  TU  COSOtAMDC* 


ICC  ITEM  J> 

Officer  svtkarisisf  seviaftt 
Official  avteriaast  Is  sssviasst 


*tl  lit*  JO 

Data  of  i *  ins 

Data  Mc  1 'avtker list iss 


